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ABSTRACT 




Aluminum and magnesium are widely used in pyrotechnic formulations and other 
energetic materials; they are also common components of reactive alloys, e.g., Al-Mg and 
B-Mg, and others, which are potential fuels for explosives and propellants. Reaction 
mechanisms and oxidation kinetics of aluminum, magnesium and Al-Mg alloy powders in 
different oxidizing environments are investigated using thermo-analytical measurements.  
New methods of data processing are developed, relying on measured particle size 
distributions of the reactive spherical powders.  It became possible to identify the reaction 
interface location for many heterogeneous metal oxidation processes; for several reactions, 
detailed kinetic descriptions are obtained.     
For aluminum powders, location of the reaction interface is established for 
oxidation in steam and liquid water.  Stage-wise oxidation behavior is observed and 
interpreted. The oxidation of aluminum covered by a thin natural oxide layer in oxygen 
occurring at relatively low temperatures is quantitatively characterized using different 
types of thermo-gravimetric (TG) measurements with increased amount of powder for 
greater sensitivity. Activation energy and the pre-exponent are determined as a function of 
reaction progress using isoconversion processing and assuming a diffusion-limited 
reaction mechanism. The reaction kinetics is also established for aluminum nanopowders.  
It is shown that the oxidation mechanism established for micron sized aluminum remains 
valid for particles as small as 10 nm.   Aluminum oxidation model is combined with a heat 
transfer model to describe ignition of aluminum particles exposed to a heated oxidizing 
environment. 
For magnesium powders, their oxidation by both oxygen and steam was studied by 
thermo-analytical measurements for micron-sized powders. The location of reaction 
interface is identified using experiments with spherical powders with different but 
overlapping particle size distributions. The reaction is found to occur at the interface of 
metal and the growing oxide layer for all oxidizing conditions. Thus, the reaction is rate 
limited by diffusion of oxidizer to the metal surface. Reaction rates for low and elevated 
temperatures are quantified using heat flow calorimetry and TG measurements, 
respectively. Simplified diffusion-limited reaction models are developed for oxidation of 
magnesium in both oxygen and steam. The models enable one to predict both pre-ignition 
reactions and the time of Mg powder aging when exposed to moisture or oxygen at 
different temperatures. 
Finally, the mechanisms of low-temperature, heterogeneous oxidation of 
differently prepared Al-Mg alloy powders in oxygen are studied using thermo-gravimetric 
measurements. Fully and partially oxidized samples are recovered and characterized using 
scanning electron microscopy and x-ray diffraction. Voids grow within oxidized alloy 
powders for both atomized and mechanically alloyed powders. Two oxidation stages are 
identified for both alloy powders. Both magnesium and aluminum are oxidized at first 
oxidation stage, producing MgO and amorphous alumina. Spinel MgAl2O4 is produced 
during the second stage.  The reaction is found to occur at the internal surface of the oxide 
shell as determined by matching the oxidation dynamics for particles with the same size 
but belonging to powders with different particles size distributions. Apparent activation 
energies for both oxidation stages are obtained as a function of the thickness of the growing 
oxide layer. The switchover between oxidation stages occurs when the spinel structure 
starts forming.   
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CHAPTER 1  
INTRODUCTION 
1.1 Background 
Aluminum and magnesium are widely used in pyrotechnics as well as in other energetic 
formulations due to their high combustion enthalpy and high energy density [1-7]. They 
are also components of reactive alloys, e.g., Al-Mg [8-12] and B-Mg [13, 14], which are 
potential fuels for explosives, propellants, and pyrotechnics.     
Aluminum-magnesium alloys have also been explored recently as components of 
oxygen generators [15] and as materials capable of reacting with water in a wide range of 
temperatures for hydrogen production [16, 17]. Metal-assisted water split reactions 
producing hydrogen are explored for a variety of applications, from in-situ operated fuel 
cells [18, 19] to fueling automobiles[20], to propulsion of underwater vehicles [21-24].   
1.2 Challenge 
For aluminum powder as a reactive material, one of the advantages is its long-term stability 
ensured by protective properties of the naturally formed surface alumina film. However, a 
delayed ignition caused by the diffusion resistance of the same alumina film often becomes 
a bottleneck to the overall burn rate of aluminum particles.  Predicting this ignition delay 
for different conditions and for powders with different particle size distributions (PSDs) is 
important for proper design of energetic systems employing aluminum powders.  Despite 
recent progress in understanding aluminum oxidation processes [25-31], substantial 
uncertainties remain for the rates of low-temperature oxidation, controlled by diffusion of 





this process affects the ignition delays significantly; yet, it is the most difficult process to 
quantify experimentally. Low-temperature reactions become particularly important for 
finer powders and nano-powders, for which an even relatively slow oxidation causes 
substantial heat release because of the high specific surface area.   
 For magnesium, it is well-known that powders are prone to aging because 
magnesium oxide layer is not as protective as alumina.  In particular, in humid 
environments the powders are known to age rapidly; however, we were unable to find 
references describing this aging quantitatively. Although multiple approaches have been 
reported to alleviate the aging, using various coatings [32, 33], kinetics of oxidation of Mg 
powders at low temperature are not well quantified.  Surprisingly little work can be found 
in the literature investigating the mechanisms of Mg oxidation [34].  In part, this can be 
explained by high volatility of Mg making it difficult to separate heterogeneous and vapor 
phase reactions and quantify individual oxidation processes.   
Recently, there was interest in alloys involving Mg, such as Al·Mg alloys prepared 
by mechanical milling and useful as components of advanced energetics [35-38]. 
Oxidation of Al·Mg alloys prepared from the respective binary melts is also of significant 
interest [39, 40].  The oxidation and combustion behaviors of metastable mechanically 
alloyed powders in the Al-Mg binary system with varied compositions have been 
investigated in the context of high-energy density materials [36, 37, 41]. However, the 
mechanistic understanding of such oxidation processes is lacking and should rely on 






In this work, the focus is on characterization of detailed mechanisms of oxidation of 
aluminum, magnesium, and their alloys.  Both dry and humid oxidizing environments are 
considered.  For each material and for each oxidizing environment, the overarching 
objectives are: 
- Identify the location of the interface where the heterogeneous reaction occurs 
- Determine the reaction rate at different temperatures, and for different 
thicknesses of the growing oxide layer 
- Describe the reaction kinetics quantitatively, accounting for the effects of 
particle size distribution, temperature, and thickness of the produced oxide. 
It was further desired to determine whether the oxidation mechanism established 
for coarse aluminum powders is changing when the particle sizes are reduced to tens or 
hundreds of nanometers.  Finally, it was of interest to correlate the mechanisms of 
oxidation of pure metals with those of the respective alloys. 
In addition, it was important to establish the correlations between specific 
oxidation mechanisms and processes governing aging and ignition of different powders of 
metals and alloys.   The methodology and data processing techniques developed in this 
research are expected to be useful for analysis of oxidation and similar reactions for a broad 





CHAPTER 2  
CALORIMETRIC INVESTIGATION OF ALUMINUM-WATER REACTION 
2.1 Abstract 
The aluminum-water split reaction is characterized experimentally using 
micro-calorimetry.  The rates of heat release during the reaction at two fixed temperatures, 
303 and 313 K were measured for spherical aluminum powders placed in liquid water.  
Fully and partially reacted powders were characterized using electron microscopy and 
x-ray diffraction.  Experiments were performed with three commercial powders with 
nominal sizes of 3-4.5, 10-14, and 17-30 µm.  The only crystalline reaction product 
detected was bayerite.  Initially, particles grow bayerite layers which later sinter together 
forming continuous aluminum-bayerite composites.  The observed reaction could be 
broken down into several parts, including an induction time, two stages of relatively rapid 
reaction, and reaction termination.  The significance of the first of the rapid reaction stages 
increased for experiments at the higher temperature.  The finer powders exhibited faster 
and more complete reaction. Experimental data were processed using a simplified kinetic 
model reported in the literature to assess the diffusion coefficient describing the reaction 
rate-limiting process: transport of hydroxo complexes of aluminum through a growing 
porous layer of bayerite.  The calculated diffusion coefficient was in the range expected for 
the experimental temperatures; however, its changes as a function of the powder particle 
size and as a function of the reaction time indicate that the current model is inadequate for 









Hydrogen continues to be of interest for environmentally friendly energy storage and 
delivery for a multitude of applications [42-44].   Fuel cells that use hydrogen as a fuel 
replacement for portable power generation have been developed for decades and by 
themselves are economically viable [45-47].  The greatest challenges to widespread 
adaptation of hydrogen as a fuel are the lack of infrastructure, and the problems arising 
from hydrogen storage.  One possible method to deliver hydrogen to a fuel cell is its in-situ 
generation via a water split reaction, where a metal reacts with water to form hydrogen gas 
and the corresponding metal oxide or hydroxide.  Many metals or alloys are suitable for 
this process; current research is most active on aluminum-water reactions [48-53]: 
 
 2 23Al+3H O Al OH +1.5H   (R1) 
 
These particular reaction (R1) is thermodynamically favored, it yields 
environmentally benign condensed products, and it has been recently shown to be 
economically attractive for pollution-free energy-generating technologies [21, 22].  
However, the mechanisms affecting the reaction rates remain poorly understood.  A 
protective natural surface layer of alumina is known to inhibit the aluminum-water reaction 
at low temperatures, and a number of investigations focused on the removal of this 
protective layer [50, 51, 54-57].  Recently, it has been discussed how the particle size of 
aluminum powder affects the rate of Al-water reaction [58]; however, the specific reasons 
causing fine particles to be more reactive than coarse ones remain elusive.  A model 






aluminum and the oxide layer, which are said to disrupt the oxide layer; however, to 
account for the observed differences in reaction rates for powders of different sizes (varied 
ca. from 1 to 100 µm) [58], the tangential component of the strain developed in the oxide 
layer must be non-negligible.  Therefore, the bubbles must be comparable in size to the 
dimensions of the respective particles, which is highly unlikely.  In most published 
experimental studies, the rate of Al-water reaction is monitored by tracking the amount of 
released hydrogen.  Identification of kinetic trends from such measurements is difficult and 
changes in reaction rates can remain unnoticed or poorly resolved.  Conversely, measuring 
the heat release associated with the reaction using contemporary calorimetric techniques is 
possible with high resolution.  The objective of this study is to characterize Al-water 
reaction using calorimetry and identify kinetic trends defining the reaction rate. 
 
2.3 Experimental 
Spherical aluminum powders from Alfa Aesar with nominal particle sizes 3-4.5 µm, 10-14 
µm, and 17-30 µm were used.  Purities as reported by the supplier were 97.5 %, 98 %, and 
99 %, respectively.  The actual particle size distributions for these powders were measured 
using a Beckman-Coulter LS230 Enhanced Particle Analyzer and are shown in Figure 2.1.  







3 - 4.5 m
10 - 14 m

















































Figure 2.1 Particle size distributions for the spherical aluminum powders used in this 
study.  
 
Heat flow calorimetry at constant temperature was carried out in a TA Instruments 
TAM III microcalorimeter.  Measurements were performed using a perfusion ampoule by 
TA Instruments installed in a minicalorimeter.  The perfusion ampoule enables 
calorimetric measurements for the samples subjected to a controlled gas flow or vented to 
the surroundings.  Calibration of the minicalorimeter was carried out by passing a known 
current through an internal heating element and recording the response.   
Measurements were carried out at 303 and 313 K (30 and 40 °C, respectively).  
Samples were contained in 4-mL reaction vessels.  Both, stainless steel and glass vessels 






weighed and placed in the reaction vessel.  Then, an approximate volume of distilled water 
was added to the reaction vessel, and weighed to determine the exact amount.  Some of the 
samples were briefly stirred into the water with a small wooden dowel, taking care not to 
remove any powder from the reaction vessel.  The reaction vessel was then attached to the 
perfusion ampoule, and the perfusion ampoule was inserted into the minicalorimeter.   The 
time between first contact of Al powder and water, and the insertion into the calorimeter 
was always between five and ten minutes.  For the insertion, the procedure suggested by 
the TAM III manufacturer was followed (stepwise insertion, 5-10 minute waiting periods) 
in order to not overly perturb the calorimeter signal.  After insertion, the calorimeter signal 
was allowed to recover, and was considered correct after approximately 45 minutes.  The 
perfusion ampoule was flushed with a regulated air flow at 50 mL/h.  Hydrogen produced 
as a result of reaction was carried out together with the passing air.   
Ideally initial and final baselines without samples loaded should be recorded to 
account for any baseline drift during the measurement.  However, this was not feasible for 
the present tests.  A meaningful baseline should be recorded with a reaction vessel 
containing water, but no aluminum.  However, the exact location of the baseline is 
sensitive to the amount of water in the reaction vessel.  With the available equipment it was 
not possible to reliably load water with an accuracy better than ~ 0.1 mL, and any baseline 
differences before and after an experiment would have been due to this uncertainty more 
than due to a true baseline drift.  Simultaneously, a separate minicalorimeter idling in the 
same TAM III device during these measurements showed essentially no drift over weeks in 
comparison to the measurements.  Therefore, the baseline for the current measurements 






Measurement times ranged from hours to days.  Several fully and partially reacted 
samples were recovered for subsequent analysis by electron microscopy (SEM) and x-ray 
diffraction (XRD).  To meaningfully arrest the reaction of partially reacted samples, the 
recovered material was placed in a vacuum chamber at room temperature, and dried for 30 
minutes.  Samples were prepared for microscopy by embedding in epoxy and grinding with 
SiC polishing paper up to 1200 grit.  To avoid altering the embedded material, no further 
polishing step was performed.  A Phenom Tabletop Microscope by FEI Technologies Inc., 
(an SEM with backscattered electron detector) was used for imaging.  For XRD analysis, a 
Phillips X'Pert diffractometer with unfiltered Cu-K radiation was used.  Samples were 
either ground in an alumina mortar and then deposited on a low-background quartz plate, 
or deposited on the quartz plate directly if the material was not agglomerated. 
 
2.4 Results 
A characteristic pattern of heat release for Al reacting with liquid water is shown in Figure 
2.2.  After an initial induction period, the main reaction proceeds in stages.  The two stages 
visible in Figure 2.2 can be more or less pronounced.  The reproducibility of the recorded 
heat flow patterns was lower than expected and multiple experiments were performed to 
assess the effects of mass of the powder sample, mass of water, initial stirring of the loaded 
powder, air flow through and material of the reaction vessel.   
To systematically evaluate different experimental conditions, characteristic times 
were defined.  For consistency, induction period is defined as the time elapsed between the 
first contact between aluminum and water and the time the heat flow reached 1 % of its 






the induction period and the heat flow peak maxima of the first and second stages, 
respectively.  As alluded to in the experimental section, there is a 5-min uncertainty 
associated with all reported times.  However, this is acceptable since times generally 
measure in multiple hours. 
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Figure 2.2 Normalized heat flow measured for 3-4.5 µm aluminum powder reacting 
with water at 303 K (30 °C).  
 
After the main reaction stages, the reaction rates slowed significantly, and waiting 
for the reactions to complete was not practical.  Therefore the measured enthalpies are 
expected to be less than the enthalpy of complete reaction and the degree of conversion less 
than one.  To evaluate the conversion completeness, the enthalpies were put in relation to 
the theoretical reaction enthalpy.  Reference data for bayerite are scarce, and not included 
in many standard self-consistent thermodynamic databases, the enthalpy of formation of 
the gibbsite polymorph of Al(OH)3 is available, however (Hf,298 = –1293.1 kJ/mol [60]).  






kJ/mol according to an estimate in Reference [61].  This amounts to a difference of about 
1.2 % for the enthalpy of the complete conversion.   
Given the approximate nature of the present enthalpy measurements, this 
difference does not affect the validity of any observations, and the gibbsite polymorph was 
therefore chosen as reference.   
All times, experimental reaction enthalpies, and degrees of reaction are 
summarized in Table 2.1. In addition to the effects of temperature and particle size, other 
experimental details were considered as potentially influencing the observed results.  The 
material of the reaction vessel could have an influence since aluminum has the potential to 
reduce the protective oxide layer on the surface of the stainless steel vessel.  However, no 
systematic differences were observed between experiments using a stainless steel reaction 
vessel and a glass reaction vessel.  Therefore, the material of the reaction vessel was 
regarded as insignificant.  Further, most aluminum-water suspensions were briefly stirred 
at the time of loading as described in the Experimental section.  However, in some early 
experiments this step was omitted.  This factor, too, was not observed to have a systematic 
influence on the reaction behavior, and was therefore not further considered.  Finally, no 
systematic trends were observed for either amounts of Al and water.  In summary, no 
unambiguous effects of stirring, sample or water mass, air flow and reaction vessel 
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Figure 2.3 XRD patterns of samples recovered at different stages of the reaction at 303 
K. 
 
Figure 2.3 shows XRD patterns of materials recovered after the induction period, 
after the first heat flow peak, and at the end of the measurement, respectively.  No reaction 
product was detected after the induction period, and the only product at later stages is 
crystalline bayerite.  Amorphous reaction products cannot be ruled out, but the relatively 



























































20.2 2.18 No No 650 320 595 5.98 0.37 
20 20.7 2.05 No Yes 445 390 820 14.96 0.93 
19 21.0 2.00 Yes Yes 500 390 735 12.52 0.78 
1 83.2 2.18 No No 340 240 750 8.24 0.51 
2 
10-14 
34.0 1.89 No No 840 340 840 5.98 0.37 
6 80.1 2.12 Yes No 2990 290 675 5.58 0.35 
5 149.0 2.04 No No 1035 205 550 4.87 0.30 




5.0 1.89 Yes Yes 555 70 575 14.97 0.93 
13 5.1 0.51 Yes Yes 198 125 360 9.02 0.56 
17 5.1 1.50 Yes Yes 210 145 315 13.99 0.87 
14 5.2 1.02 Yes Yes 645 95 N/A 8.39 0.52 
7 19.4 2.01 Yes Yes 140 80 160 11.15 0.69 
21 20.4 2.05 No Yes 90 98 120 9.68 0.60 
10 21.4 2.05 Yes Yes 185 75 300 10.24 0.63 
G1* 20.3 1.99 Yes Yes 102 105 416 8.95 0.55 
G2* 5.1 2.05 Yes Yes 125 122 N/A 15.37 0.95 
16 22.3 1.93 Yes Yes 194 
Samples recovered for examination 
following induction period 
15 500 2.03 Yes Yes 72 
18 
10-14 
20.1 2.01 Yes Yes 240 120 265 4.69 0.29 
8 20.4 2.07 Yes Yes 350 100 705 7.36 0.46 
12 
17-30 
21.0 2.18 Yes Yes 520 495 1350 7.36 0.46 
9 21.3 2.11 Yes Yes 520 265 1105 1.97 0.31 
* Completeness estimated using enthalpy of formation of gibbsite at room temperature. 







Figures 2.4 – 2.8 show backscattered electron images of the starting material, and 
of partially reacted materials.  The images in Figure 2.4 illustrate the size distribution of 
one of the starting materials, and that the particle shape is approximately spherical.   
 
Figure 2.4 Starting material, 3-4.5 µm nominal particle size. 
 
 











Figure 2.7 Al 3-4.5 µm at 313 K (40 °C), recovered after the reaction rate had slowed 







Figure 2.8 Al 10-14 µm at 313 K (40 °C), recovered after the reaction rate had slowed 
significantly, at 2680 min 
 
To investigate the growth of the bayerite scale, samples were recovered after the 
induction period, after the first heat flow peak, and at the end of the measurement, after the 
reaction had slowed significantly.  Figure 2.5 shows that at the onset of the first reaction 
stage, after the induction period, the particle shape has changed slightly, although no 
grown surface layer can be seen.  Particles do show significant surface layers of bayerite 
after the first reaction step in Figure 2.6.  Further, particles deviate more from the initial 
spherical shape, and the bayerite surface layers start to form bridges between particles.  At 
the end of the measurement, shown in Figure 2.7, bayerite forms a continuous matrix with 
inclusions of remaining, unreacted aluminum.  The magnified view on the right hand side 
of Figure 2.7 shows a brightness contrast within the bayerite matrix.  This effect is seen 
even more strongly in Figure 2.8, in a 10-14 µm Al sample recovered at the end of the 
measurement.  The fragment shown on the right, containing unreacted aluminum metal at 






perimeter.  XRD analysis shows no presence of any product phase other than bayerite, so 
the phase contrast must be the result of nanometer-scaled porosity.  This suggests that a 
first generation of dense bayerite cemented the aluminum particles together, while a slower 
reaction continued to consume the aluminum metal while also dissolving and 
recrystallizing existing bayerite, forming a more porous second generation. 
As noted above, all characteristic reaction times, including the induction period, are 
poorly reproducible and vary widely.  Nevertheless, some qualitative trends can be 
identified, as illustrated in the following figures. 
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Figure 2.9 Normalized heat flow of the reaction of 3 – 4.5 µm aluminum with water at 
two different temperatures, 303 and 313 K. Runs#4 and #10; cf. Table 2.1.  
 
Figure 2.9 shows heat flow curves recorded for 10-14 µm Al in water at 303 and 
313 K, demonstrating the effect of temperature on the reaction.  As may be expected for a 
non-equilibrium process, all aspects of the reaction occur earlier at the higher temperature.  






second reaction steps is much less pronounced, and the second reaction step is weaker 
relative to the first – the opposite from the behavior observed at 303 K. 
Figures 2.10-2.13 show the effects of particle size.  Figure 2.10 shows the heat flow 
curves recorded at 303 K for the three different starting materials.  Larger particles 
consistently show lower reaction rates in all stages of the reaction.  Further, as the particle 
size increases, the first stage of the reaction becomes more prominent relative to the second 
stage, and the separation between the stages increases as well.  Figure 2.11 summarizes the 
effect of particle size on the induction time.  Within the resolution of the observed trends, it 
can be stated that the induction time varies more strongly with average particle size at 303 
K than at 313 K, although those trends are poorly constrained.  Figure 2.12 shows 
corresponding plots for 1 and 2, the times to the first and second heat flow peaks, 
respectively.  Both indicators show a much weaker dependence on the particle size.  Only 
for the largest particles are slightly longer times observed. 
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Figure 2.10 Normalized heat flows for the aluminum powders with different particle 
sizes reacting with water at different temperatures: left – 303 K, and right – 313 K. Runs 
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Figure 2.12 Times to the first and second exothermic peaks as functions of particle sizes. 
 
Normalized heat of reaction as a function of the particle size is shown in Figure 






the finest powder, higher heats of reactions are observed at 313 K, however, the spread 
between the points is very wide.  The effect of temperature on the reaction heat is less 
pronounced for coarser powders.   
Average particle size, µm






























Al + 3 H2O = Al(OH) 3 + 3/2 H2
 
 
Figure 2.13 Normalized heat of reaction as a function of particle sizes.  A dashed line 
shows the heat generation for the complete reaction.  
 
2.5 Discussion 
For the purpose of the following discussion, the reaction will be divided into a set of stages 
encountered in all measurements.  Reactions start with an induction period, after which a 
period of relatively fast reaction is observed.  All measurements also show extended 






2.5.1 Induction Time 
Aluminum, once exposed to ambient conditions forms a 2-3 nm thick protective coating of 
amorphous oxide [25, 62].  Before the reaction between water and aluminum can take 
place, this protective coating must be sufficiently compromised. This process likely 
involves the reaction of the amorphous alumina to form hydrated products whether these 
are bayerite or other intermediates.  Following earlier work [63], in Reference [64] it is 
suggested that amorphous alumina forms an amorphous hydrated gel as the first product of 
hydration.  The hydration rates observed in Reference [64] at 298 K and 323 K are 
compatible with the induction periods observed in the present study.  The hydration 
reaction is exothermic, but much less so than reaction (R1).  As the initial hydrated 
products form, the amorphous oxide layer likely becomes pitted and porous. 
2.5.2 Fast Reaction 
In the geometry of the measurements, particles form a loosely packed layer at the bottom of 
the reaction vessel.  However, as Figures 2.6 and 2.7 show, inter-particle contact is not 
extensive, and particles can be considered individually.  Previous research considered the 
formation of bayerite layers on the surface of aluminum particles in the context of the 
preparation of metal-ceramic composite materials [65].  It was suggested that the rate 
limiting process for the growth of a bayerite surface layer is the diffusion of the Al(OH)4
-
 
complex in the liquid phase.  With this assumption, a simplified reaction rate model was 




















where the reaction completeness, , was defined through the mass difference between the 
bayerite formed and aluminum consumed, m, related to the final mass difference when 











Other parameters in Equation (2.1) and their respective values assigned following 









 are respectively bulk density of 
bayerite and tap density of aluminum powder;  =0.5 is a coefficient accounting for the 










the molar volume of bayerite, C1=0.027 kg/m
3
 is the concentration of aluminum in 
solution, at which a hydrolytic polymerization reaction begins; r is the initial particle 
radius, R is the universal gas constant; T is temperature; t is time; and D is the diffusion 
coefficient.  Based on experimental reaction times for 10-µm powders at 373 K, the 





Using the above parameter values (following Reference [65]) Reaction (R1) was solved for 
the diffusion coefficient, D, and the reaction completeness was expressed through the 
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 
  (2.4) 
 
where Qcomplete = 15.42 kJ/g is the theoretical maximum heat release expected upon the 
complete conversion of the entire powder mass load.  Thus, using experimental  Q t
curves, assessment of the diffusion coefficient is possible.   
The time was set to zero at the end of the induction period for each experiment (i.e., 
when the value of  Q t reached 1% of its maximum value in each run).  The calculated 
values of the diffusion coefficient as a function of the reaction time are shown in Figure 
2.14 for the same experiments that were illustrated in Figure 2.10.  For each experiment, 
the particle radius, r, was assumed to be equal to the volumetric mean obtained from the 
size distributions shown in Figure 2.1.  This model is not capable of describing the reaction 
initiation, but it was expected to yield a relatively constant diffusion coefficient, at least 
during the initial period of fast reaction, when interparticle contacts are limited.  The 
diffusion coefficient should also be independent of the starting particle dimension, but 
should be strongly affected by the reaction temperature. 
Generally, the range of values for D shown in Figure 2.14 is higher than that 
reported in Reference [65], although more consistent with diffusion coefficients if ionic 










/s) was explained via the expected porosity of the growing bayerite layer at 373 K, 
expressed with the parameter   in Equation (2.1).  One could speculate that porosity may 
be affected by the reaction temperature and a more porous bayerite could have formed in 
the current experiments, performed at lower temperatures compared to Reference [65].  
Images shown in Figures 2.7 and 2.8 suggest that the porosity of the growing bayerite 
layers changes as the reaction progresses.  Because of the correlation between the 
morphology of the layered bayerite structures and particle sizes, the effective porosity of 
the growing bayerite controlling the bulk reaction rate for the powder sample may be 
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Figure 2.14 Diffusion coefficients for experimental runs illustrated in Figure 2.10 
calculated as a function of reaction time corrected for the induction period.   
 
The shape of the curves in Figure 2.14 changes depending on when one considers 
the model calculations to be applicable, i.e., at what point the time can be set to zero.  
Given the derivation of Equation (2.1), it should work best for the early stages, while the 
volume of the bayerite surface layer can be approximated as the product of its thickness 
and the surface area of the aluminum core.  It should begin to apply to material like shown 






to form material like shown in Figure 2.6.  Likewise, there should be no differences 
between particle sizes.  There is however no clear way to determine the limits of the 
interval in time (or in the reaction progress) from the recorded heat flow curves, for which 
Equations (2.1) and (2.4) are valid.  Therefore, the observed variation of the diffusion 
coefficient with time, and the effect of the effective particle size on D are indicative of the 
inadequacy of the simplified reaction model, and could change if the time limits were 
chosen differently.  The values shown in Figure 2.14 should be taken as order-of 
magnitude estimates of the diffusion coefficient as defined by Equation (2.1).  As a first 
step to a more detailed data analysis, the reaction progress must be evaluated considering 
the whole size distribution instead of the conventional approach relying on the average 
particle size, which was also followed in the present study.   
2.5.3 Termination 
Eventually the growing bayerite surface layers of adjacent particles will form bridges, and 
gradually fill all interstices between adjacent particles (see Figures 2.7 and 2.8).  The 
diffusion path between liquid solution and the surface of the remaining aluminum particles 
becomes longer until finally the reaction rate becomes so slow that it becomes impractical 
to continue measurements. 
Figure 2.13 suggests that the sample with the smaller particle size shows 
systematically more complete reaction.  This is likely because the reaction is complete for 
finer powders when a thinner layer of bayerite is grown.  In other words, the effect of the 
growing bayerite thickness on the reaction rate must be accounted for in order to 
quantitatively interpret the difference in reaction completeness for powders with different 







Reaction of aluminum with liquid water characterized by microcalorimetry includes 
several parts: induction time, two stages of relatively rapid reaction, and termination.  The 
only reaction product formed at 303 and 313 K is bayerite.  The significance of the first of 
the two rapid reaction stages increased in experiments at 313 K.  Generally, finer powders 
were observed to react faster and to a greater completion. Effects of powder load and mass 
of water are found to be negligible.  Reaction characteristics were poorly reproducible 
despite well maintained reaction temperatures.  It is hypothesized that minor differences in 
powder packing and trapped gases could substantially affect reaction rates for the 
processes occurring directly on the particle surfaces, as expected for the alumina hydration 
occurring during the induction period.  Processing the present experimental data using a 
simplified kinetic model available in the literature showed that the calculated diffusion 
coefficient for the rate-limiting process is affected by the reaction temperature, particle 
sizes, and reaction time.  While the first effect is expected, the observed effects of particle 
size and reaction time likely indicate that the model is inadequate for describing the present 
experiments.  Porosity of the growing bayerite, defining the rate of diffusion and thus the 
reaction rate, changes as a function of the reaction completeness.  It is also affected by 
experimental conditions, including reaction temperature and powder particle size 
distribution.    
Reaction characteristics were poorly reproducible despite well maintained reaction 
temperatures.  It is hypothesized that minor differences in powder packing and trapped 
gases could substantially affect reaction rates for the processes occurring directly on the 






period.  Processing the present experimental data using a simplified kinetic model 
available in the literature showed that the calculated diffusion coefficient for the 
rate-limiting process is affected by the reaction temperature, particle sizes, and reaction 
time.  While the first effect is expected, the observed effects of particle size and reaction 
time likely indicate that the model is inadequate for describing the present experiments.  
Porosity of the growing bayerite, defining the rate of diffusion and thus the reaction rate, 
changes as a function of the reaction completeness.  It is also affected by experimental 





CHAPTER 3    
REACTION INTERFACE BETWEEN ALUMINUM AND WATER   
3.1 Abstract   
Reaction of aluminum with water is of interest for hydrogen generation for a wide range of 
applications, from in-situ operated fuel cells to propulsion of underwater vehicles.  Despite 
extensive studies, detailed reaction mechanisms are lacking and the locations of the 
reaction interface between aluminum and liquid water or steam are not identified.  In this 
work, the reaction interfaces are located by interpreting heat flow calorimetry and 
thermo-gravimetry data for liquid water and steam, respectively.  In both experiments, two 
spherical aluminum powders are used with different but overlapping particle size 
distributions.  The measured reaction rate is assumed to be proportional to the surface area 
of the reaction interface; thus the measured heat flow and weight gain are partitioned 
among particles based on their size distribution.  The data are processed considering 
several reaction models assuming different locations of the reaction interface: inside or 
outside of the growing Al2O3 or Al(OH)3 shells.  It is expected that if the correct interface 
location is selected, the oxidation of the particles with the same sizes and exposed to the 
same temperature/environment but belonging to different powders will be identical to each 
other.  For liquid water, results suggest that the reaction occurs at the surface of the 
shrinking aluminum core, inside the growing aluminum hydroxide layer.  For reactions of 
aluminum with steam at elevated temperatures, the results are less conclusive, but indicate 
that the reaction is most likely occurring at the outer surface of the growing alumina shell.  
The growing alumina shell is rigid and is fractured multiple times during its growth.  After 







Recent interest in producing hydrogen and energy by reacting aluminum with water [66, 
67] has been driven by need in pollution-free devices, which may exploit Al-H2O reactions 
at both high and low temperatures [21, 22].  The Al-H2O reaction, as a source of energy and 
hydrogen, becomes attractive economically depending on costs of other energy generation 
methods [68], and particularly, if recycled scrap aluminum is used [19].  Because the 
reaction is essentially pollution-free, it is well-suited for generating hydrogen and energy 
in situ, in populated areas or locations where there is no energy infrastructure. The 
condensed products formed in the reaction, aluminum oxides and hydroxides, can be used 
to prepare various ceramic products.  In addition, aluminum oxides and hydroxides are 
benign and can be safely transported to be recycled at locations housing nuclear or solar 
energy generating facilities.  The need in low-temperature, in-situ hydrogen production 
processes is stimulated by rapid development of fuel cells as portable, flexible, and 
versatile energy sources [45-47]. Operation of fuel cells requires hydrogen, and its in-situ 
generation via water split reaction is very attractive as an alternative to establishing an 
extensive infrastructure.  High-temperature Al-H2O reactions have been of substantial 
interest for underwater propulsion [69, 70].  In addition, such reactions are investigated in 
power plant configurations [20].   
Despite extensive studies in the context of preparation of Al oxide and hydroxide 
ceramics [65, 71, 72], the mechanisms of the Al-H2O reactions on the scale of a single 
reacting particle, and particularly at atmospheric pressures, have not been reliably 
established.  A protective natural surface layer of alumina is known to inhibit the reaction 






protective layer [51, 54, 56, 73-75].  Recently, it has been suggested that the particle size of 
aluminum powder affects the rate of reaction relative to the particle specific surface area  
[76]; however, the specific reasons causing fine particles to be more reactive than coarse 
ones remain elusive.  A model proposed by Deng et al. [77, 78] involves formation of 
hydrogen bubbles between aluminum and the oxide layer, which may disrupt the oxide 
layer.  Such disruption is possible if the tangential component of the strain developed in the 
oxide layer is non-negligible, so that the bubble dimensions must be comparable to those of 
the particles.   Considering that particle sizes explored in Reference [76] varied ca. from 1 
to 100 µm,  it is highly unlikely that comparable size hydrogen bubbles formed.  In fact, it 
has not been reliably established that hydrogen generation occurs at the inside of the 
alumina layer, i.e., at the interface between aluminum and alumina.  Generally, it is 
possible for the Al-H2O reaction to occur both inside and outside of the protective oxide or 
hydroxide layer; furthermore, this reaction location may vary depending on temperature.   
The objective of this work is to determine whether the Al-H2O reaction occurs at 
the inner aluminum/(hydr)oxide interface or the outer (hydr)oxide/environment interface 
for a range of temperatures for both liquid water and steam. The experimental approach 
exploits calorimetric measurements performed at different temperatures using spherical 
aluminum powders.  
3.3 Approach 
The approach is based on interpreting the measured heat release and/or mass gain produced 
by the Al-H2O reaction using spherical aluminum powders with different but 






terms of an unoxidized, shrinking aluminum core embedded in a growing oxide/hydroxide 
layer, or shell. 
The main assumption is that the individual particles react independently of the rest 
of the sample when exposed to water.  In other words, for any particle, the rate of its 
reaction is assumed to be fully defined by the initial particle size and the specific heating 
program the particle experiences.  The reaction rate is assumed to be insensitive to the 
particle size distribution characterizing the rest of the powder.   
The second assumption is that the reaction rate is proportional to the available area 
of the interface at which the reaction occurs.  Thus, once the particle size distribution is 
known, it can be recast in terms of surface areas of different size bins, so that the measured 
heat flow can be distributed among all particles based on their respective interface areas.   
The initial thickness of the oxide layer is known or can be estimated.  As the 
reaction proceeds, the evolution of the reactive interface is calculated depending on where 
the reaction is assumed to occur.  This can be either at the external particle surface, or at the 
surface of the shrinking aluminum core.  If the reaction occurs at the outer particle surface, 
the reactive interface area may increase when the thickness of the growing oxide or 
hydroxide layer grows.  The reactive interface will always decrease if the reaction occurs at 
the surface of the shrinking aluminum core.   
Depending on the interface area, and therefore on the location of the reaction, 
particles of a given size will contribute to different degrees to the overall oxidation of a 
powder with a known size distribution.  If the location of the reaction is assumed, then an 
experimentally observed reaction – in terms of weight increase, or evolved heat – can be 






measurements were performed using the same temperature program and environmental 
conditions, particles of the same size but from powders with different size distributions 
should show an identical evolution of the amount of oxide produced if the reaction has 
been located correctly.  Conversely, a discrepancy in the oxidation dynamics is expected 
for particles of the same initial sizes (from powders with different size distributions) 
exposed to the same heating program if the reaction interfaces are located incorrectly.  
3.4 Experimental 
Measurements were performed using aluminum powders from Alfa Aesar with nominal 
particle sizes 3-4.5 µm (97.5 % pure) and 10-14 µm (98% pure).  Particles of both powders 
were nominally spherical, as shown in Figure 3.1.  
The particle size distributions for both powders were measured using a 
Beckman-Coulter LS230 Enhanced Particle Analyzer and are shown in Figure 3.2.  
Respective volumetric average particle sizes are 7.2 and 21.5 µm.  It is observed that there 
is a substantial overlap between the particle size distributions, as highlighted in Figure 3.2.  
The interpretation of experiments will focus on comparison of oxidation rates for particles 
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Figure 3.2 Particle size distributions for the aluminum powders.  
 
Powders were reacted with water in a broad range of temperatures and the reaction 






Low temperature experiments with liquid water used isothermal heat flow 
calorimetry in a TA Instruments TAM III.  Measurements were performed using a 
perfusion ampoule by TA Instruments installed in a minicalorimeter.  The perfusion 
ampoule enables calorimetric measurements for samples subjected to a controlled gas flow 
or vented to the surroundings.  Measurements were carried out at 303 and 313 K (30 and 40 
°C, respectively).  Samples of approximately 20 mg were contained in 4-mL stainless steel 
reaction vessels.  Aluminum powder was weighed and placed in the reaction vessel.  Then, 
approximately 2 g of distilled water was added to the reaction vessel, and weighed to 
determine its exact amount. The reaction vessel was then attached to the perfusion 
ampoule, and the perfusion ampoule was inserted into the minicalorimeter.  The time 
between the first contact of Al powder and water, and the insertion into the calorimeter was 
always between five and ten minutes.  For the insertion, the procedure suggested by the 
TAM III manufacturer was followed (stepwise insertion, 5-10 minute waiting periods) in 
order to not overly perturb the calorimeter signal.  After insertion, the calorimeter signal 
was allowed to equilibrate, and was considered to represent the true heat flow after 
approximately 45 minutes.  The perfusion ampoule was flushed with a dry air flow at 50 
ml/h.  Hydrogen produced as a result of reaction was carried out together with the passing 
air.   
To study reaction of aluminum and water vapor, aluminum powders were heated in 
a Netzsch STA409PG thermal analyzer using a thermo-gravimetric (TG) sample carrier 
with a 17 mm diameter flat corundum plate to hold the sample. The furnace of the 






connecting lines were heated to temperatures above 423 K (150 °C) to prevent 
condensation.  
Initial experiments established that the aluminum particles heated above the 
melting point (933 K) tended to coalesce into droplets with sizes in the 0.5-1 mm range.  To 
mitigate the associated drastic loss in surface area, the powders in subsequent 
measurements were ultrasonically mixed with 150 nm -alumina powder (Inframat 
Advanced Materials, 99.8% pure) to contain approximately 25 wt % free Al. For the blend 
of alumina and aluminum powders, coalescence was not observed on heating [30].  
Samples used for the measurements contained approximately 35 mg of the 
aluminum/alumina blend. 
Argon was introduced into the furnace in two locations. The first invariant gas flow 
of 20 ml/min serves to protect the thermobalance from any condensation.  It enters the 
furnace from below. Due to the furnace geometry, it has a negligible contribution to the 
atmosphere that the sample is exposed to. The second argon flow at 5 L/h was used as a 
carrier gas for steam, entering the furnace from above.  The steam flow rate was 0.92 g/h at 
the boiler temperature, resulting in an atmospheric composition of 20 vol-% H2O. 
Reaction Interface Models 
The reaction progress in terms of the oxide or hydroxide shell thickness was 
directly correlated with the observed heat release or mass change of the sample for heat 
flow and TG experiments, respectively.  The data of the heat flow experiments were recast 
in terms of mass gain, assuming that the only condensed product forming in the reaction 
was Al(OH)3, as is typical for the low-temperature Al-H2O reactions [79].  For TG 






Al2O3 and respective changes in the particle morphology depending on the assumed 
location of the reaction interface.  The evolution of the oxide shells was tracked by starting 
at the initial thickness, and iterating over time using the time steps from the experimental 
signal record.  The data processing for each powder explicitly used the measured particle 
size distribution.  The oxidation models, distinguished by the location of the reaction, that 
were used to interpret the experimental data are shown schematically in Figure 3.3.  In 
Figure 3.3a, the reaction is assumed to occur inside the growing product shell (hydroxide 
or oxide for heat flow and TG experiments, respectively), at the surface of the shrinking 
aluminum core.  For simplicity, the shell may be thought of as elastic, so it always adheres 
to the core.  However, the shell properties do not affect the area of the reactive interface, 
which is fully determined by the aluminum core diameter.  In Figure 3.3b, the reaction is 
assumed to occur at the outside of the product shell.  The oxide product is assumed to 
always adhere to the shrinking aluminum core; hence it is referred to as an elastic shell.  
Finally, in Figure 3.3c, the reaction is assumed to occur at the outside of the product shell, 
however, the shell is not shrinking together with the aluminum core.  Thus, when the 
aluminum core diameter decreased, a void was assumed to form between the core and shell 
surfaces.  The shape of the void is not important because the reaction occurs at the external 
surface of the rigid spherical shell.  Thus, although the aluminum core is shown in Figure 
3.3c as spherical, its shape may change without affecting the surface area of the reaction 
interface.  Note that if the aluminum core diameter increased as a result of thermal 
expansion, the “rigid” product shell was allowed to expand as well.  
For each time step, the experimentally observed mass was distributed over the 






interface of this size bin.  The size bins and time steps are respectively represented by 
subscripts i and j.  The evolution of the particle mass mi with radius of the reactive interface 
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where Ni is the number of particles in the size bin i, and 
*m is the mass of the entire sample.  
For reaction at the core-shell interface (see Figure 3.3a), the aluminum core radius, jiR , , in 
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Al  is the aluminum density (taken as a function of temperature), and AlM  and 
prM are molar masses of aluminum and product (Al2O3 or Al(OH)3), respectively. The 
evolution of the product shell thickness ih for cases shown in Figure 3.3a and 3.3b, (elastic 
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The evolution of the oxide thickness ih for the case shown in Figure 3.3c, (rigid 
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where pr  is the density of product shell, and ,0iR  is the initial (i.e. maximum) core 
radius for size bin i.  Only one aluminum oxide phase is assumed to exist for each time step.  
According to Reference [31], for the heating rate used in TG experiments, 5 K/min, the 
phase transitions from amorphous to -Al2O3 and from - to Al2O3 occur respectively at 
660 and 1031 
o
C.  Respective changes in the oxide densities were included in the 
calculations.   
 
Figure 3.3 Schematic diagram of oxidation configurations. A. Reaction at the inner 
Al/product interface; b. Reaction at the outer product shell interface, elastic shell; c. 
Reaction at the outer product shell interface, rigid shell. 
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3.5 Results and Discussion 
3.5.1 Aluminum Reaction with Liquid Water 
Characteristic heat flow traces for two aluminum powders reacting with liquid water at 313 
K are shown in Figure 3.4.  Similar results were recently reported in Reference [80], where 
it was shown that particles are strongly agglomerated, losing their spherical shapes by the 
end of experiment.   In order to use the present approach for interpreting the experimental 
data, only the initial portions of the measured traces, which are less likely to be affected by 
agglomeration, were processed.  Specifically, a time period of about six hours shaded in 



























Figure 3.4 Heat flows measured for the Al-H2O reaction at 313 K. 
 
The mass gains for two aluminum powders reacting with liquid water at a constant 
temperature calculated using traces shown in Figure 3.4 are shown for the first 6 hours of 
































Figure 3.5 Mass gain for two aluminum powders reacting with liquid water during the 
initial 6 hours in mini-calorimeter at 313 K.    
 
The increase in the sample mass, m*, was distributed among different particle size 
bins, using Equation (3.1).  The oxidation dynamics was then compared for individual 
aluminum particle sizes or size bins present in the overlapping portions of size distributions 
for both powders investigated.  Specific size bins selected to illustrate such comparisons in 
detail were 4.6, 10.7 and 18.8 µm, (cf. Figure 3.2), located at the edges and in the middle of 
the overlapping portion of the size distributions.   
Each experiment was processed considering three reaction models illustrated in 
Figure 3.3 a, b, and c.  Each model was used to calculate oxidation dynamics for particles 
in each size bin.  Comparisons of the oxide thicknesses predicted to grow by the three 
models for particles in the selected size bins are shown in Figures 3.6-3.8.   
The model describing the experimental data correctly should predict a complete 
overlap between the two calculated curves for all particle sizes.  Conversely, if the model 






interface will not be accurately represented resulting in a discrepancy in the predicted 
oxidation rates for the particles of the same sizes that belong to different powders.   
Qualitatively, it is clear from Figures 3.6-3.8 that the model assuming the reaction 
to occur at the inner aluminum/hydroxide shell interface results in the best match between 
the two calculated curves for all three particle sizes considered.  
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Figure 3.6 TAM III experiment processing: thickness of a hydroxide shell predicted to 
grow around an aluminum particle with the initial diameter of 4.6 µm using three different 































a. Inner, shrinking core b. Outer, elastic shell c. Outer, rigid shell
 
Figure 3.7 TAM III experiment processing: thickness of a hydroxide shell predicted to 
grow around an aluminum particle with the initial diameter of 10.7 µm using three 
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Figure 3.8 TAM III experiment processing: thickness of a hydroxide shell predicted to 
grow around an aluminum particle with the initial diameter of 18.8 µm using three 
different oxidation models shown in Figure 3.3. 
 
To quantitatively compare the calculated curves for all particle sizes for the entire 
time of the experiment, the following parameter Ri was calculated for each particle size bin, 























i jm  and t ,
II
i jm  are weight changes (in percent) for the particles of two aluminum 
powders (subscripts I and II stand for the powders with nominal sizes 3-4.5 and 10-14 µm, 
respectively) for
thj  time step.  The summation is taken for all J time steps available during 
the measurement time of six hours.  Parameter Ri calculated using Equation (3.5) reduces 
the difference between curves shown in Figures 3.6-3.8 to one number, quantifying 
discrepancy between the curves over the entire measurement.  Parameter Ri is plotted in 






the discrepancy between predictions is minimized when the reaction is assumed to occur at 












a. Inner, shrinking core 
b. Outer, elastic shell
c. Outer, rigid shell
 
Figure 3.9 TAM III experiment processing: cumulative discrepancy measure calculated 
using Equation (3.5) for data processing using different reaction models.   
 
3.5.2 Aluminum Reaction With Steam 
Measured TG traces for two aluminum powders are shown in Figure 3.10.  Similar to 
processing the heat flow curves above, the measurements were processed to distribute the 
overall mass increase among different particle size bins for each powder.  For clarity, the 
mass changes were converted into oxide thickness for particles of different sizes belonging 
to different powders.  Resulting detailed comparisons between the models for the same 
three selected initial particle sizes, 4.6, 10.7 and 18.8 µm, as considered above, are shown 




























* 0 3-4.5 µm 
10-14 µm 
Temperature,K  
Figure 3.10 TG traces for two aluminum powders reacting with steam; heating rate 5 
K/min. 
 
All particles considered in Figures 3.11-3.13 are predicted to oxidize completely 
during the experiment; hence the oxide thickness in each case reaches its maximum 
possible value.  It is interesting that for the case of rigid shell that never shrinks (unlike the 
shells considered in the other two cases), the oxide thickness is substantially smaller 
because the final diameter of the oxide shell is greater.     Comparisons between different 
models do not appear as straightforward as for the case of aluminum reaction with liquid 
water.  For the smallest particle size considered, 4.6 µm (Figure 3.11), the models 
assuming reaction to occur at the external surface appear to produce better matching 
curves.  However, for larger particles (Figures 3.12 and 3.13), the model accounting for 
reaction at the inner Al-Al2O3 interface appears to yield curves that are closer to each other 
for different powders.  Figure 3.11. TG experiment processing: thickness of an oxide shell 
predicted to grow around an aluminum particle with initial diameter of 4.6 µm using three 



































a. Inner, shrinking core b. Outer, elastic shell c. Outer, rigid shell
 
Figure 3.11 TG experiment processing: thickness of an oxide shell predicted to grow 
around an aluminum particle with initial diameter of 4.6 µm using three different oxidation 
models shown in Figure 3.3. 
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Figure 3.12 TG experiment processing: thickness of an oxide shell predicted to grow 
around an aluminum particle with initial diameter of 10.7 µm using three different 
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Temperature, K  
Figure 3.13 TG experiment processing: thickness of an oxide shell predicted to grow 
around an aluminum particle with initial diameter of 18.8 µm using three different 
oxidation models shown in Figure 3.3. 
 
To better quantify the differences between different models, parameter Ri was 
calculated using Equation (3.5) and the results are shown in Figure 3.14.  In qualitative 
agreement with observations made from Figures 3.11-3.13, for particles greater than ca. 7 
µm, the model assuming the reaction to occur at the inner metal/oxide interface results in a 
better match between the calculated oxide thicknesses.   For finer particles, the discrepancy 
between the predicted oxidation traces is the smallest for the model assuming a growing 
rigid shell.  A fourth trend labeled as “outer, breaking shell” shown in Figure 3.14 is 


















a. Inner, shrinking core 
b. Outer, elastic shell
c. Outer, rigid shell
Outer, breaking shell
 
Figure 3.14 TG experiment processing: cumulative discrepancy measure calculated using 
Equation (3.5) for data processing using different reaction models.   
 
In order to clarify the reaction mechanism of aluminum in steam, several TG runs 
were interrupted.  Partially and fully reacted samples were recovered and examined using a 
scanning electron microscope (SEM).  In preliminary tests, it was observed that the 
oxidized particles became very fragile, and any handling of the partially oxidized powder 
resulted in dramatic disruption of its morphology.  Disrupted samples examined under 
SEM exhibited multiple broken alumina shells; it was unclear whether these broken shells 
formed during the experiment or resulted from handling a fragile sample.  Therefore, a 
separate set of TG experiments was performed.  A small alumina plate was coated with a 
monolayer of aluminum powder and placed in the TG sample holder.  To prepare the 
monolayer powder coating, a slurry of aluminum in hexane was prepared and deposited on 
the alumina plate with a small paint brush.  The hexane evaporated in a few minutes and the 
coated plate placed in the TG sample holder was subjected to a desired heating program.  






program was selected based on data from Figure 3.10.  For example, heating a sample to 
800 °C resulted in about 50% oxidation.  After the experiment, the entire alumina plate was 
transferred to SEM sample holder and the shapes of particles subjected to heating were 
examined.  A characteristic set of SEM images for the powder heated to 800 °C is shown in 
Figure 3.15.  A second set of images for the fully oxidized powder is shown in Figure 3.16.   
In both sets of images, multiple cracked oxide shells are apparent.  It is also 
apparent that the oxide shells are not empty, so the observed morphology is qualitatively 
similar to that expected for the oxidation scenario involving a rigid oxide shell (Figure 3.3 
c).  However, some of the particles appear to exhibit several successive but distinct oxide 
shells.  This morphology could be obtained if a new oxide shell begins forming after the 
initial oxide shell cracks.    
 
Figure 3.15 SEM images of aluminum powder (nominal particle sizes 3-4.5 µm) heated 








Figure 3.16 SEM images of aluminum powder (nominal particle sizes 3-4.5 µm) fully 
oxidized in a TG experiment recovered without disrupting particle morphology.  
 
To examine the possibility of forming multiple oxide shells, a modified oxidation 
model was considered.  The model altered the outer surface reaction mechanism (Figure 
3.3c) by introducing cracks in the growing rigid shell, when its thickness exceeded some 
specific value.  Once the shell’s thickness increased the specific value and the shell was 
assumed to crack, it was no longer considered to be the barrier to the reaction.  The effect of 
a cracked shell was then the formation of a new shell beneath the broken shell at the 
shrinking aluminum core surface.  Thus, formation of multiple successive shells was 
described.  Clearly, the cracks in the alumina shell depend not only on its thickness, but 
also on the shell diameter and temperature.  However, for a first approximation, the cracks 
were assumed to form in all shells after some pre-set, "critical" thickness was achieved.  
Cases with different critical thickness were considered and Ri values for a calculation 
assuming the critical thickness of 0.5 µm are shown in Figure 14 (labeled as “outer, 






large particles.  Selection of smaller Ri thickness causes the model to become very similar 
to the inner, shrinking core model.   
Note that the in this outer breaking shell model, unlike the model shown in Figure 
3.3c, the shape of the aluminum core may be important as defining the shape of the new 
oxide shell forming after the “parent” shell cracked.   In the present analysis, for simplicity 
the aluminum core was always assumed to remain spherical.  Relaxing this assumption 
could further improve the accuracy of calculations.   
For small particles, for which the shell thickness exceeds the critical value by the 
end of the experiment, the introduction of the breaking shell does not result in a significant 
effect compared to the initial outer, rigid shell model.  As the particle size increases, the 
breaking shell model describes the reaction best for particles as large as 9 µm.  However, 
for larger particles, the Ri values for this model become greater than for the inner reaction 
model. 
To better understand the oxidation mechanism, it is useful to consider the evolution 
of the aluminum core for particles of different sizes as shown in Figure 3.17.  This 
evolution is predicted using both the inner, shrinking core and the outer, breaking shell 
models (the critical shell thickness was 0.5 µm.)  For all particles, the core radius remains 
nearly constant until the particles melt, which is explained by competition between 
consumption of aluminum and thermal expansion.  Melting results in a reduced aluminum 
density and thus a sharp increase in the core radius.  The core radius decreases at higher 
temperatures.  It is apparent that the outer breaking shell model describes oxidation of all 
particle sizes better when temperatures vary between the melting point and up to about 






coarser particles, discrepancy between the curves is significant for both models, while it is 
somewhat greater for the outer breaking shell model.   
Spherical particle shapes are less likely to be preserved as temperatures increase.  
Predictions from both models become less reliable for deformed particles.  Thus, 
correlation between the curves at lower temperatures, when particles are more likely to 
stay spherical, is considered to be a more significant indicator of the successful process 
description.  Conversely, the discrepancies between the curves observed at elevated 
temperatures may not necessarily indicate a failure for the model focused on identifying 
the reaction interface for spherical powders.     


































Figure 3.17 Radius of the remaining Al core for the shrinking core model (see Figure 
3.3a), and the outer, breaking shell model. 
 
3.6 Conclusions 
Location of the reaction interface for aluminum with water is identified for both liquid 






aluminum powders with different but overlapping particle size distributions suggests that 
the reaction occurs at the surface of the shrinking aluminum core, inside the growing 
aluminum hydroxide layer. For reaction of aluminum with steam at elevated temperatures, 
the results are less conclusive, but indicate that the reaction is most likely occurring at the 
outer surface of the growing alumina shell. The results also indicate that the growing 
alumina shell is rigid and fractures multiple times during growth. After a shell is fractured, 
a new shell begins to grow around the oxidizing aluminum core. The current results are 
best explained when it is assumed that the alumina shells fracture when they become 
thicker than 0.5 µm; however, the detailed fracturing mechanism will depends on particle 






CHAPTER 4  
ALUMINUM OXIDATION AT LOW TEPERATURES 
4.1 Abstract 
Oxidation of aluminum powders is known to include several stages, corresponding to 
growth of different polymorphs of alumina.  The initial oxide layer is amorphous, which 
transfers to g-Al2O3 at elevated temperatures and greater oxide thicknesses.  This work 
focuses on quantitative characterization of oxidation for thin initial oxide layers and 
occurring at relatively low temperatures.  The experiments include different types of 
thermo-gravimetric (TG) measurements with increased amounts of powder load for greater 
sensitivity.   Modulated and isothermal TG measurements were found to be less useful than 
constant heating rate measurements.  Results were processed considering both an explicit 
oxidation model and a model-free isoconversion method.  The latter approach was more 
productive in identifying the activation energy of oxidation.  Using the found activation 
energy as a function of reaction progress, pre-exponent as a function of reaction progress 
was also found assuming specific reaction mechanism.  The reaction kinetics was validated 
by comparison between predicted and measured oxidation rates for nano-aluminum 
powders reported in the literature.  Finally, the oxidation model was combined with the 
heat transfer model to describe ignition of aluminum particles exposed to a heated 
oxidizing environment.  A sharp increase in the ignition temperature from 850 to 2260 K is 
predicted as the particle size increases from 0.3 to 1.2 µm. The results are found to be 
sensitive to the assumed initial oxide thickness (2.5 nm); they are also somewhat affected 







Aluminum powder is the most commonly used metal fuel additive to propellants, 
explosives and pyrotechnics [1, 81-85]. Its main advantages are high combustion enthalpy, 
high flame temperature and a relatively low cost.  Another advantage of aluminum powder 
is its long term stability due to the protective properties of the naturally formed surface 
alumina film.  However, a delayed ignition caused by the diffusion resistance of the same 
alumina film often becomes a bottleneck to the overall burn rate of aluminum particles.  
Predicting this ignition delay for different conditions and for powders with different PSDs 
is important for proper design of energetic systems employing aluminum powders.   
The ignition delay is controlled by heterogeneous oxidation of aluminum powders.  
Such oxidation processes focusing on bulk rates characterizing polycrystalline powders 
rather than oxidation of a specified crystallographic plane, were subject of different 
experimental studies [25, 27, 86-89].   Based on detailed thermo-analytical measurements, 
a quantitative model of aluminum oxidation was proposed and included in a simplified 
particle ignition model [31, 90]. The model treats simultaneous growth and phase 
transformations in the aluminum oxide scale, which is initially amorphous, but transfers to 
 and Al2O3 phases at elevated temperatures. Four stages of oxidation were identified; 
the kinetic parameters for both direct oxidative growth of individual alumina polymorphs 
and phase transformations between the polymorphs were determined.  The model assumed 
that the reaction occurred at the aluminum-alumina interface and was rate limited by 
inward diffusion of oxygen.  More recent work identified that the reaction occurs at the 
aluminum oxide surface, and thus it is rate-limited by the outward diffusion of 






the low-temperature oxidation.  Because of its relatively low rate, this process affects the 
ignition delays significantly; yet, it is the most difficult to quantify experimentally.  
Low-temperature reactions become particularly important for finer powders and 
nano-powders, for which an even relatively slow oxidation causes substantial heat release 
because of the high specific surface area.   
In this work, the focus is on oxidation of aluminum at low temperatures, when the 
oxide thickness is relatively thin.   New thermo-analytical measurements are performed 
and interpreted taking into account location of the reaction interface identified in Reference 
[91].  A quantitative description of low-temperature oxidation of aluminum is proposed, 
which improves the accuracy of the previous model.  The improved model is validated by 
comparison with the present and published earlier experimental data.  Applicability and 
limitations of the proposed model for describing aluminum ignition are also discussed.  
4.3 Experimental 
A 97.5% pure spherical aluminum powder by Alfa Aesar with a nominal particle size of 
3-4.5 µm was used.  A PSD measured using a Beckman-Coulter LS230 analyzer is shown 
in Figure 4.1.  The volumetric average particle size is 7.2 µm.   
Nominal size:










Particle size,  m  








The powder was heated up to 873 K at 4 heating rates: 2, 5, 10 and 20 K/min, in a 
TA Instruments model Q5000IR thermo-gravimetric analyzer. In all thermo-gravimetric 
(TG) experiments, the balance was purged with argon at 10 mL/min and the furnace was 
purged with oxygen at 20 mL/min.  For the fixed heating rate measurements, 30 mg of 
powder was loaded in an alumina crucible for each run.  This exceeds significantly the 
mass of sample used in the previous work to better detect a relatively small weight change 
occurring at low temperatures.   
Isothermal oxidation measurements were also performed.  The powder was heated 
up at 20 K/min to selected different target temperatures between 638 and 691 K, while 
exposed only to argon.  Oxygen flow was turned on when the target temperature was 
reached.  The constant temperature was then kept for 480 minutes.  The mass of aluminum 
powder loaded into an alumina crucible was increased to 100 mg to detect weight changes 
at constant temperatures.   
Preliminary measurements were performed using modulated heating rates with 
modulation amplitudes of 1, 4, and 5 K, and periods of 120 s and 240 s.  These 
measurements were consistent with the constant heating rate and constant temperature 
measurements, but did not yield comparable resolution in the specific small oxide 
thickness range of interest, and were therefore not considered further. 
4.4 Processing of TG Measurements 
The measured net weight gain was distributed proportionally to the reactive interface area 






were explicitly accounted for.  For each time step, , dt, the overall weight gain, dm,  was 
















where Ri is particle radius in the size bin i, fi is the fraction of the powder surface area per 
size bin obtained from the measured PSD, and index i counts the particle size bins, from 1 
to N.  This particle size-based breakdown of net TG measurements yields the mass change 
for individual particle sizes given a TG measurement and the PSD of the powder used.  It 
was originally introduced, and described in detail, elsewhere [92].  Once the mass of an 
individual size bin is known, a core-shell geometry is assumed, and the initial oxide layer 
thickness is fixed, then the corresponding oxide mass, inner and outer oxide shell radius are 
readily calculated. 
A previously introduced aluminum oxidation model described the oxidation rate as 
rate limited by diffusion through the growing spherical oxide layer with external radius Ri 





















where T is temperature, Ea is activation energy, C is pre-exponent in units of kg/(m·s), and 






obtained from the experimentally determined PSD and literature values for the initial 
natural oxide layer. Note that as the oxidation continues, ri may become different from the 
radius of the oxidized aluminum core; see Reference [92] for details.  A thin film of 
amorphous Al oxide is always formed when aluminum powder is exposed to a room 
temperature oxidizing environment.  The thickness of Al2O3 reaches 2 to 4 nm in several 
hours [93].  Detailed studies of growth of amorphous Al2O3 films on initially bare Al 
substrates showed layers of approximately uniform thickness near 2 nm and 4 nm if 
substrates were heated up to 573 K and 673 K, respectively [94].  For processing of the 
present TG results, thickness of the initial Al2O3 was assumed to be 2.5 nm based on 
reported electron microscopy analyses for aluminum powders [95].  The oxide was 
assumed to be of uniform thickness, and adhering to spherical aluminum particles.  
Sensitivity of results to the assumed value of the initial oxide thickness is briefly discussed 
below. 
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Following Reference [31], left hand side of Equation (4.3), which is fully 
determined by the measured TG curve can be plotted vs. inverse temperature to determine 
the activation energy as a slope of the obtained line, and thus activation energy, Ea.  
Because the left hand side of Equation (4.3) is obtained explicitly from the TG 
measurements, both activation energy and pre-exponent can be found for each inverse 






found as a function of temperature, or, more usefully, as a function of the particle mass.  
The mass is related to the change in the oxide layer thickness via the assumed core-shell 
geometry.  
Alternatively, activation energy as a function of reaction progress can be found 
using a model free isoconversion method [96].  Most kinetic methods consider the reaction 
rate as a function of a kinetic triplet, including activation energy, Ea, pre-exponent, C, and 
















      (4.4) 
 
The kinetic parameters C and Ea can be determined as functions of the particle 
mass, and therefore as functions of oxide layer thickness from a set of measurements with 
different heating programs without having to specify the term f().  From a set of 
isothermal measurements, Ea and C were determined directly by taking the logarithm of 
Equation (4.4), and plotting 𝑙𝑛 (
𝑑𝑚𝑖
𝑑𝑡
) vs. inverse temperature.  For the measurements at 
constant heating rate, the isoconversion algorithm described in Reference [97] was used.  
Since this algorithm did not readily yield values for C, the pre-exponent was calculated by 
solving Equation (4.2) for C, and using the activation energy determined by the 
isoconversion algorithm, and the records of particle mass mi, inner and outer oxide shell 
radius, ri, and Ri which were all obtained from the PSD-based breakdown of the individual 







Results of constant heating rate and isothermal TG measurements are shown in 
Figures 4.2 and 4.3, respectively.  A consistent shift to higher temperatures is observed for 
the traces shown in Figure 4.2 at increasingly higher heating rates.  These measurements 
are consistent with earlier reports, e.g., [25]; however, low-temperature oxidation is 
resolved better because of the greater initial sample mass.  Also, as expected, the oxidation 
rate increases at elevated temperatures in data shown in Figure 4.3.  The measurement at 
658 K was repeated and resulted in the trace that effectively overlapped with the first 
measurement at this temperature.    
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Figure 4.3 TG traces for aluminum oxidation in oxygen obtained at different fixed 
temperatures. 
 
All activation energies of aluminum oxidation at low temperatures obtained using 
different data processing methods are plotted together as a function of aluminum oxide 
thickness in Figure 4.4.  Aluminum oxide thickness is selected as a convenient indicator of 
oxidation progress, which could be universally applied to characterize reactions for 
powders with different particle sizes.  Different dashed traces represent the activation 
energies of aluminum oxidation calculated based on processing the individual TG 
measurements and employing the explicit oxidation model described by Equation (4.3). 
Each trace is thus based on a single measurement. The solid black and gray traces represent 
the activation energies calculated using the model-free isoconversion processing applied to 
the constant heating rate and isothermal measurements, respectively.  Each line is 
calculated processing all available measurements simultaneously.   
The activation energies calculated using Equation (4.4) for the individual traces are 
noisy for low temperatures and, respectively, thin oxide films.  The noise is particularly 






that the average activation energies for thin films obtained from the individual traces at low 
temperatures follow closely that obtained using the model-free isoconversion processing 
applied to all constant heating rate measurements.  The latter trace is smoother and easier to 
follow.  The trend for the activation energy obtained from the model-free isoconversion 
processing applied to the constant temperature measurements is reasonably close to that 
obtained from constant heating rate measurements for small oxide thicknesses.  For the 
isoconversion processing, the constant temperature measurements are limited by relatively 





























Figure 4.4 Activation energies of aluminum oxidation obtained by processing constant 
heating rate measurement and isothermal measurement using both explicit model and 
model-free isoconversion methods. 
 
Figure 4.5 repeats the trend for activation energy obtained using model-free 
isoconversion processing for constant heating rate measurements shown in Figure 4.4 and 






the activation energy corresponding to the specific oxide thickness obtained the model-free 
isoconversion processing and then assuming the explicit oxidation model expressed by 
Equation (4.2).  Not surprisingly, the calculated pre-exponent is a strong function of 
activation energy, Ea.  Values of activation energy and pre-exponent varied as a function of 
the oxide thickness suggest that the reaction mechanism evolves as the oxidation 
continues.  Identifying underlying detailed reactions causing changes in the apparent 
activation energy and pre-exponent are beyond the scope of this work.  Instead, this effort 
is aimed to develop a simplified and practically useful quantitative description of 
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Figure 4.5 Activation energy and pre-exponent for aluminum oxidation calculated using 
constant heating rate measurements based on model-free isoconversion processing and 







For practical use of trends shown in Figure 4.5, simplified fits were obtained 
following somewhat noisy activation energy and pre-exponent traces calculated directly 
from experimental data. Somewhat arbitrarily, straight lines were fitted to different 
portions of the obtained traces.  Note that straight line fits were applied to Ea and log(C).  
The straight line fits as a function of the oxide thickness, h, plotted in Figure 4.5 are 
explicitly shown in Table 4.1.  A Matlab code to calculate the early stage of oxidation of an 
aluminum powder using the reaction model given in Table 4.1 and accounting explicitly 
for the measured particle size distribution is given in supporting information. 
Table 4.1  Activation Energy and Pre-Exponent as Functions of Oxide Thickness of 
Aluminum, h (nm).  The Activation Energy is Obtained Using Model-Free Isoconversion 
Processing of Constant Heating Rate Measurements 
Range of oxide thickness, 
nm 
Ea, kJ/mol Log(Ca) 
2.4-2.9 60h-54 0.5h-5.44 
2.9-3.4 87.5h-133.75 6.15h-21.5 
3.7-7.5 3.42h+177.34 0.19h+0.44 
7.5-11.4 6.15h+156.85 0.47h-1.64 
11.4-16 227 -0.02h+3.93 
16-25 -5.2h+310.56 -0.31h+8.48 
 
 
In Figure 4.6 and 4.7, measurements and calculations are systematically compared.  
Figure 4.6a shows the constant heating rate measurements with calculated traces based on 
the kinetic parameters exclusively determined from isothermal measurements.  Figure 4. 
6b shows the same constant heating rate measurements with calculations based on (1) 






single-curve processing, and the reaction model f() based on the geometric constraints of 
a  rigid oxide shell, growing on its outer surface (cf. Figure 4.5 and Table 4.1).   
 
Figure 4.6 Aluminum oxide thickness as a function of temperature for constant heating 
rates.  Thin lines represent measurements, bold lines show calculations.  Calculations are 
based on kinetics derived from (a) isothermal measurements (b) constant heating rate 
measurements.    
 
            All results are plotted in terms of the aluminum oxide thickness as a function of 
temperature.  The oxide is calculated for the particle with diameter 2.188 µm, equal to the 
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represent the experimental data at different heating rates, and the bold lines represent the 
calculations.  The match between the measured and calculated curves is good for all 
heating rates and for the entire range of temperatures and oxide thicknesses considered.   
A comparison similar to that shown in Figure 4.6, but using constant temperature 
experimental data is shown in Figure 4.7.  Thin lines represent TG traces measured at 
different temperatures and bold lines represent respective calculations.   The match 
between the measurements and calculations is good for Figure 4.7a, but not for Figure 
4.7b, although calculations are generally following measurements at lower temperatures, 
and for thinner oxide layers.  At higher temperatures, the calculated thickness 
systematically exceeds the experimentally observed thickness.   
The discrepancies observed in Figures 4.6a and 4.7b are likely explained by 
shortcomings in both types of measurements, isothermal as well as linear heating.  Due to 
the relatively large sample mass (about 100 mg, chosen to achieve good mass resolution at 
low degree of oxidation), the oxidation in the isothermal measurements is slower because 
of uneven exposure of the powder to oxygen.  Although the measurements were conducted 
essentially in pure oxygen, the samples were initially heated to the target temperature in 
argon.  Oxygen flow was turned on only after the temperature had stabilized.  Therefore, as 
the argon in the pore space of the sample slowly diffuses out, there likely is a concentration 
gradient in the pore space of the whole sample, exposing the lower/inner parts of the 
sample to a significantly lower oxygen concentration than the target atmospheric 
composition.  The removal of argon from the pore space would be further hindered by the 
Stefan flow of the oxygen.  This problem would become more pronounced at higher 






measured rate of mass increase could become limited by diffusion of oxygen through the 
porous sample.  As a result, the mass increase for the entire sample is lower than it would 
be if all the powder was exposed to the same oxidizing environment.  The result of the 
kinetic processing would then yield activation energy and pre-exponent that are too small 
relative to those obtained from constant heating rate measurements.  Additional isothermal 
experiments were performed at a selected temperature where the mass was systematically 
varied, leading to increasing diffusion distances required to saturate the pore space with 
oxidizer.  These measurements are included in the supporting information.  Results 
confirm that the oxidation rate is lower for larger sample masses and at longer times.  At 
the same time, measurements with lower masses show strong experimental noise at the 
beginning of the exposure to oxygen, and thus are difficult to use to investigate the very 
early stages of oxidation. 
Alternatively, sample self-heating could pose an experimental problem for the 
constant heating rate experiments.  If the heat flow within the loosely packed powder 
sample is too low, and the heat of the oxidation reaction causes a temperature gradient to 
develop in the sample, then the actual temperature of part of the sample could be higher 
than what is recorded.  This is hard to quantify.  In some measurements this effect can be 
seen from a plot of the difference between the actual sample temperature and the 
programmed sample temperature vs. time.  However, the sample temperature is used by the 
TG to control the heating elements, and therefore observing no deviation of the net sample 
temperature from the programmed temperature does not mean that there are no temperature 
gradients in the sample.  Since the heat exchange between the sample and the environment 






surface area should minimize internal gradients.  In addition, gradients are likely to be 
stronger for higher heating rates and higher oxidation rates.  The measurement at 20 K/min 
was therefore repeated with a sample mass of about 2 mg (vs. about 20 mg used here) in 
order to investigate the effect.  These additional measurements are also presented in the 
supporting information.  At the peak of the oxidation rate, the result can be interpreted as 
showing an effective sample temperature that is about 10 K higher if the sample mass is 20 
mg than for the 2 mg sample, making the recorded temperature, which is used in the 
isoconversion analysis, too low.  The difference becomes impossible to resolve at lower 
temperatures, lower oxidation rates, and therefore lower oxide layer thickness.  We 
estimate that the measurement at 20 K/min may be biased as the oxide thickness 
approaches 20 nm.  Lower heating rates and lower oxide thicknesses are not affected.   
Therefore, kinetic data recovered from constant heating-rate measurements were 
subject to fewer experimental problems, especially at lower oxide thickness, and preferred 
for subsequent calculations.  To validate the kinetic parameters, different published 
datasets characterizing oxidation of aluminum were compared to predictions obtained 
using reaction kinetics implied by both isothermal and constant heating rate measurements. 
As mentioned below, such comparisons further supported selection of reaction kinetics 
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Figure 4.7 Aluminum oxide thickness as a function of time at constant temperatures.  
Thin lines represent measurements, bold lines show calculations.  Calculations are based 
on kinetics recovered using (a) isothermal measurements (b) constant heating rate 
measurements.   
 
4.6 Validation of the Oxidation Model 
A simplified description of aluminum oxidation given in Table 4.1 is used in this section to 






nano-sized aluminum powders are selected, for which the effect of aluminum oxide 
thickness on the measured oxidation rate is expected to be most pronounced.  Further, 
experimental data sets were found for which specific powder PSDs were reported, as is 
necessary for the present calculations.   
Aumann et al., [98] reported oxidation behavior for ultrafine aluminum powders.  
Both the PSDs and initial oxide thicknesses were specified. The PSDs were obtained from 
high-resolution transmission electron microcopy and described using log-normal 
functions. 
Aumann et al., [98] performed isothermal TG measurements for two powder 
samples at different temperatures.  Comparisons with respective calculations for sample C 
(163 nm for the PSD peak) are shown in Figure 4.8.   
 All data are shown in terms of the relative powder mass. The bold lines represent 
calculations and thin lines show measurements.  At lower temperatures, 523 and 573 K, the 
calculated traces follow the experimental data well.  However, at higher temperatures, the 
discrepancies between calculated and experimental traces increase and become significant.  
Similarly to the comparison shown in Figure 4.7b, the oxidation rates are substantially 
over-predicted for higher temperatures.  It is possible that, as discussed above for Figure 
4.7, this discrepancy is also caused by the lack of oxidizer access to the entire powder 
sample when the temperatures in experiments increased and the oxidation rates became 
higher.  Conversely, particle sintering and corresponding loss of free surface area cannot be 
ruled out. 
Applying kinetics inferred by the isothermal measurements under-predicts the 






discrepancy is consistent with the discussed above limitation of the reaction rate in 
isothermal measurements caused by diffusion of oxygen through the sample pores. 
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Figure 4.8 Measured isothermal TG traces (sample C, [98]) and traces calculated using 
kinetics shown in Table 4.1 for respective temperatures. 
 
Thermogravimetric measurements at constant heating rate were previously 
reported by our group [99] for the oxidation of nano-sized aluminum powders. The particle 
sizes obtained processing BET measurements and assuming the powders to be 
monodisperse spheres for the three powders studied were 44, 80 and 121 nm, respectively. 
Corresponding small-angle X-ray scattering (SAXS) measurements showed crystallite size 
distributions [99].  Actual particle size distributions were not available.  Data on the initial 
oxide thickness for each powder were also unavailable.  For preliminary comparison, the 
SAXS results were interpreted as particle size distributions, and all powders were assumed 
to have an initial oxide thickness of 4 nm[93, 100, 101] (rather than 2.5 nm used for micron 






form for nano-sized powders, which self-heat more during their passivation in an oxidizing 
environment).  Resulting calculated TG traces are shown together with those measured in 
Reference [99] in Figure 4.9a.  The calculations used kinetics from Table 4.1. The heating 
rate for all curves is 5 K/min.  Solid lines show measurements and dashed lines show 
calculations.  All calculations substantially overestimate the oxidation rates.   
One likely reason for the observed discrepancy is that the SAXS-based crystallite 
size distributions systematically underestimate the actual particle sizes.  The resulting 
apparent loss of surface area available for oxidation can be accounted for in calculations by 
describing the actual particles, which comprise multiple crystallites, as hard agglomerates, 
or aggregates.  In addition, agglomerates of nanoparticles due to Van der Waals forces can 
reach tens or hundreds of micrometers in size [103-105], also substantially decreasing the 
specific surface area available for oxidation.  Agglomeration for nano-aluminum powders 
was specifically reported to occur in Refs. [106, 107].  For these reasons, a nominal 
agglomeration factor was used in the following calculations as an adjustable parameter. A 
similar agglomeration factor was introduced in Reference [108].  In the present work, the 
volume fraction of each particle size bin in the agglomerated PSDs was assumed to remain 
consistent with the SAXS measurements.  Agglomerated particle sizes were generated by 
multiplying the original particle size obtained from SAXS by the agglomeration factor.  
Figure 4.9b shows that with this procedure, the calculated TG curves can be matched to the 
experimental ones using agglomeration factors of 2.2, 2.5 and 5.5 for the powders with 
average BET sizes of 44, 80 and 121 nm, respectively. 
The agglomerated particle sizes should more accurately reflect the surface area 






particle sizes.  The powders with BET sizes of 44, 80, and 121 nm have surface-averaged 
agglomerated particle sizes of 69, 122, and 305 nm, respectively which corresponds to an 
apparent specific surface area of 64 %, 66 %, and 40 % of the corresponding values 
measured by BET.  These values are comparable considering that a single agglomeration 
factor cannot distinguish between hard aggregates of crystallites, and loose agglomerates 


































Figure 4.9 Measured [99] and calculated TG traces for three aluminum nanopowders for 
a heating rate of 5 K/min; (a) interpreting SAXS measurements as PSD (b) adjusted PSD 







Once the appropriate nominal agglomeration factor was found for each powder, 
additional calculations were performed for a heating rate of 1 K/min, for which 
experimental data were also reported in Reference [99]. Results as well as experimental 
data are shown in Figure 4.10.  Calculations performed using previously reported oxidation 
kinetics [31]are also shown for side-by side comparison with the current, corrected model.  
Note that the calculations using kinetics from Reference [31] are extended to describe 
growth of -Al2O3 at a greater oxide thickness.  The current calculations, however, were 
limited by growth of thin layers of amorphous alumina.  The model can be readily extended 
to describe growth of other alumina polymorphs as discussed below, when it is applied to 
describe aluminum powder ignition.  
Results of the present calculations match equally well the experimental data for all 
powders for both heating rates.  Importantly, both the rate of oxidation as a function of 
temperature and the shift of the measured TG curves as a function of heating rate are well 
described.  Conversely, calculated curves from Reference [31] are only describing general 
shapes of the TG traces; however, the details are not well reproduced.  Both calculated 
curves reported in Reference [31] shift systematically from under-predicting to 
over-predicting the oxidation rates when the particle sizes increase (cf. respective curves in 
Figure 4.10 a vs. b vs. c).   The increase in slope of the experimental TG curves observed at 
increasing temperatures in each experiment is not predicted well either; calculations [31] 
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Figure 4.10 Measured[99] and calculated TG traces for two heating rates for three 
aluminum nanopowders.  Calculations performed using kinetics described in Table 4.1 and 
using earlier model [31]. 
 
4.7 Ignition of Aluminum Powders 
An ignition model for a single aluminum particle introduced in a hot oxidizing gas was 
previously described in Reference [31]. In that model, the ignition temperature was defined 






of the melting temperature of alumina, 2345 K. The same criterion for ignition temperature 
was adopted here.  
The general approach for describing particle temperature history used in Reference 
[31] is retained here.  However, two substantial changes are made in the model. Heat 
transfer between the particle and environment was described in Reference [31] considering 
convection with Nusselt number Nu=2.  Instead, transition heat transfer is used in the 
present paper, suitable for particles with dimensions comparable to the mean free path of 
gas molecules.  Details of the present transition heat transfer model are available in the 
[109, 110].  The heat transfer was analyzed for conditions employed in experiments [111].   
The second modification concerns the specific reaction model for oxidative growth 
of amorphous alumina.  The present reaction kinetics described in Table 4.1 is used.  The 
reaction is considered to occur outside of the growing rigid oxide layer following 
Reference [91].  The Matlab code used for calculations of the particle temperature history 
as well as tracking thicknesses of the growing alumina polymorphs is available as 
Supplement 4.2.  
A summary of calculated ignition temperatures as a function of the particle size is 
shown in Figure 4.11.  Experimental data points from Reference [111]are shown for 
comparison as well as a calculated curve reported earlier [31], which did not account for 
the transition heat transfer and modifications in the oxidation kinetics for amorphous 
alumina obtained in the present work.  The present calculations suggest that nano-sized 
particles can ignite at an even lower environment temperature than predicted previously.  
Conversely, the ignition temperature for coarser particles was somewhat under-predicted 






function of the particle size, qualitatively in agreement with the present predictions and 
with earlier results, e.g., see summary in Reference [86].  However, the experimental 
ignition temperatures are higher than predicted for the finest particles and lower than 
predicted for coarser ones.  A likely interpretation for this discrepancy is that experiments 
never use truly monodispersed particles.  Ignition is registered in shock tube experiments, 
such as in Reference [111] by an optical emission increased above the background lever.  
Such emission may be dominated by coarser particles, when the nominal particle size is 
very small; conversely, for nominally coarser powders, fine fraction can ignite sooner and 
assist in ignition of nearly coarser particles.   
The predicted ignition temperatures depend on assumed initial thickness of the 
oxide layer; they may also be affected by the value of thermal accommodation coefficient 
used in the transition heat transfer model and quantifying efficiency of energy exchange 
between gas molecules and particle surface.  The sensitivity of the predicted ignition 
temperatures to the above two parameters was considered.  Predicted ignition temperatures 
for particles of different sizes with different initial oxide thickness are shown in Figure 
4.12.  It is observed that the ignition temperatures increase significantly with thicker initial 
oxide layers for aluminum nano-particles; however, for the coarser particles (≥0.5 µm) the 
ignition temperatures almost do not change.  Typically, the initial oxide thickness is only 
known approximately; thus, an oxide layer thicker than 2.5 nm for the nano-particles 
powders used in experiments from Reference [111] would help explain a higher 
experimental ignition temperature than currently predicted.   
The thermal accommodation coefficient used in calculations was taken as equal to 






substantially smaller. To test sensitivity of the present predictions, the accommodation 
coefficient was reduced by an order of magnitude, to 0.1.  The predicted ignition 
temperature became lower, but the effect was different for particles of different sizes.  The 
effect was most significant for particles with sizes close to 0.5 µm, for which the ignition 
temperature was reduced by 180 K compared to that shown in Figure 4.11.  Only minor 
reduction of 50 and 10 K, in the predicted ignition temperature was observed for the 

























Particle size, µm  
Figure 4.11 Ignition temperatures for aluminum particles of different sizes exposed to a 
heated oxidizing environment.   Experimental data are from Reference [111]; earlier 
calculations are from Reference [31]. For present calculations, initial oxide thickness is 
assumed to be 2.5 nm; thermal accommodation coefficient equal to 1 is used in the 




































Figure 4.12 Predicted ignition temperatures for aluminum particles of different sizes with 
different initial oxide thickness exposed to a heated oxidizing environment.  Thermal 
accommodation coefficient is taken to be equal to 1. 
 
To better understand which specific oxidation processes cause ignition for Al 
particles of different sizes, results of calculations are illustrated in Figures 4.13, 4.14, and 
4.15 for particles with sizes 0.3, 0.5, and 1 m, respectively.  The plots show evolution of 
the particle temperature in time and thickness of amorphous and -Al2O3 layers, as well as 
the total oxide layer thickness.  For all plots, the time scale is limited to 100 s, although 
the calculations for non-ignited particles continued for 100 ms, to ensure that no additional 
temperature peak was predicted. Ignited and non-ignited particles for each size are 
illustrated respectively with traces shown in the left and right sides of Figures 4.13-4.15.  
Dashed lines in temperature plots represent the temperatures of the surrounding 






with the accuracy of 5 K in terms of difference between respective environment 
temperatures.   
Each calculated temperature history includes an initial temperature increase up to 
the environment temperature or up to the aluminum melting point, during which the 
growth of the oxide layer thickness is negligible.  This is followed by a temperature 
plateau, corresponding to the surrounding temperature and/or aluminum melting.  During 
this temperature plateau, substantial part of the amorphous Al2O3 transforms into -Al2O3 
polymorph.  For all cases, calculations predict that the newly formed -Al2O3 does not fully 
cover aluminum surface because it has higher density than the original amorphous oxide 
and because the original alumina thickness does not exceed the size of the forming -Al2O3 
crystallites.  Thus, as reported earlier [31], oxide becomes porous and the model accounts 
for the ensuing oxidation as limited by gas diffusion of the oxidizer to the open pores at the 
particle surface.  This causes rapid increase in the particle temperature, which is marked in 
Figures 4.13-4.15.  However, this increase is insufficient to cause ignition for any particle 
size considered.  Once the open pores are closed, the model considers diffusion resistance 
of the newly formed -Al2O3.  Initially, its diffusion resistance is small because of 
remaining porosity; the oxide is allowed to “heal” attaining the usual, higher diffusion 
resistance of a polycrystalline material.  Interestingly, for all particle sizes, ignition occurs 
during this “healing” process considered in the model.  Smallest particles ignite almost 
immediately when the healing of -Al2O3 begins.  Conversely, larger particles are 
predicted to ignite when -Al2O3 is nearly fully healed.  If the environment temperature is 
reduced, the oxide will be fully healed and the reaction continues at a much slower rate, 
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Figure 4.13 Temperature histories and thicknesses of different Al2O3 polymorphs 
forming on surface of a 0.3 m diameter aluminum particle exposed to a heated gas 














































to open pores in the
newly formed -Al2O3
Growth of fully 
healed -Al2O3
 
Figure 4.14 Temperature histories and thicknesses of different Al2O3 polymorphs 
forming on surface of a 0.5 m diameter aluminum particle exposed to a heated gas 

























































Figure 4.15 Temperature histories and thicknesses of different Al2O3 polymorphs 
forming on surface of a 1 m diameter aluminum particle exposed to a heated gas 
surrounding at 2160 (left) and 2155 K (right).   
 
4.8 Conclusions 
Thermo-gravimetric measurements with large amounts of fine aluminum powders are 
useful in obtaining detailed information on their oxidation kinetics at low temperatures.  
However, restricted access of oxidizer to the powder for increased powder load can also 
cause misleading TG measurements, during which different portions of the sample react 
with different rates.  Constant heating rate measurements were most useful in establishing 
reaction kinetics for aluminum powders at low temperatures and reduced oxide thickness.  
The activation energy as a function of reaction progress was obtained using a model-free 
isoconversion processing of experimental data.  Once the activation energy was obtained, 
an explicit oxidation model assuming reaction occurring at the outside of a rigid spherical 






Therefore, both activation energy and pre-exponent were obtained as functions of the 
reaction progress expressed, for convenience, through the oxide layer thickness.  The 
oxidation model was compared with the present and previously reported data on oxidation 
of fine aluminum powders; the match between experiments and calculations is satisfactory.  
For nano-powders, agglomeration is accounted for, and the results illustrate that this is 
essential for accurate calculation of oxidation rate.  The oxidation model was combined 
with description of heat transfer for an aluminum particle exposed to a heated oxidizing 
environment.  Thus, a model describing particle ignition was obtained and compared to 
earlier predictions and recent experiments.  The model predicts a sharp rise in the ignition 
temperature from 850 to 2260 K for particles with sizes increasing respectively from 0.3 to 
1.2 µm.  The specific results are affected by the assumed initial oxide thickness (2.5 nm) 
and thermal accommodation coefficient (taken as 1).  The experiments show an increase in 
the ignition temperature; however, this increase may be more gradual than predicted in the 
model.  The discrepancy between predictions and measurements is most likely due to a 
relatively broad particle size distribution for the powders used in experiments and a 
difficulty to identify which size sub-range of the heated particles ignites at the threshold 






CHAPTER 5  
OXIDATION OF MAGNESIUM: IMPLICATION FOR AGING AND IGNITION 
5.1 Abstract 
Magnesium is widely used in pyrotechnic formulations; it is also a component of reactive 
alloys, e.g., Al-Mg and B-Mg, which are potential fuels for explosives and propellants.   
Despite its widespread applications, kinetics of oxidation of Mg powders are not well 
quantified.  Such kinetics are of fundamental importance for the models aimed to describe 
thermally induced ignition of metal powders.  In addition, for Mg the issue of aging is 
important because its oxide, MgO is porous.  In this work, magnesium oxidation by both 
oxygen and steam was studied by thermo-analytical measurements for micron-sized 
spherical powders.  Heat flow calorimetry and thermogravimetric were used to quantify 
reaction rates for low and elevated temperature ranges, respectively.  Experiments with 
spherical powders with different but overlapping particle size distributions were used to 
identify the location of the reaction interface.  The reaction was found to occur at the 
interface of metal and the growing oxide layer for all oxidizing conditions.  The reaction is 
thus rate limited by diffusion of oxidizer to the metal surface.  Kinetics of oxidation for 
both dry and humid oxidizing environments were quantified using thermo-analytical 
measurements and different data processing techniques.  Activation energy of magnesium 
oxidation in humid environments at low temperatures is close to 60 kJ/mol. Activation 
energy for oxidation of magnesium in oxygen is 148 kJ/mol.  For oxidation of magnesium 
in steam at elevated temperatures, the activation energy increases linearly from 
approximately 130 to 360 kJ/mol, while the forming oxide layer thickens up to 2.4 µm.  






in both oxygen and steam.  The models enable one to predict both pre-ignition reactions 
occurring upon heating of Mg particles and the time of Mg powder aging when exposed to 
moisture or oxygen at different temperatures. 
5.2 Introduction  
Magnesium is widely used in pyrotechnic formulations and other energetic materials 
[114-116].  It is also well-known that magnesium powders are prone to aging, in particular 
in humid environments [117, 118]; however, we were unable to find references describing 
this aging quantitatively.  Two main oxidation products form during oxidation of 
magnesium: magnesium hydroxide, Mg(OH)2, and magnesium oxide, MgO.  In 
low-temperature, humid environments, magnesium hydroxide forms as a result of 
hydration of a naturally grown thin MgO film uniformly adhering to the Mg metal core 
[119, 120].  Multiple studies characterized the respective bilayer structure including a 
relatively dense layer of Mg(OH)2 on top of a porous layer of MgO [121, 122]. As the 
temperature reaches or exceeds the range of 280 – 450 ºC, and depending on the partial 
pressure of water, Mg(OH)2 decomposes, resulting in growth of thicker MgO films [123, 
124].   
Low-temperature rates of formation of layers of oxidized magnesium need to be 
known in order to develop handling guidelines for or predict the lifetime of magnesium 
powders stored under different conditions or included as components in a composite 
structure.  The rates of reaction at elevated temperatures become important for predicting 
ignition behavior of magnesium and related energetic systems.  Additionally, kinetics of 






alloys employing magnesium, e.g., Al·Mg alloys prepared by mechanical milling for 
advanced energetics [36, 125, 126].   
The work is aimed at characterizing oxidation of Mg powders experimentally in 
both dry and humid gas environments.  Separate experiments address different temperature 
ranges.  Location of the reaction interface is first established.  Reaction rates are then 
quantified.   
5.3 Experimental 
5.3.1 Material 
Spherical magnesium powder with a nominal size of -325 mesh, and 99.8% purity was 
provided by Magnesium Elektron.  This powder was passed through a 550 Mesh (25 µm 
opening) sieve to obtain coarse (as received) and fine fractions for high-temperature 
oxidation measurement in oxygen and steam.  The actual particle size distributions for both 
size fractions were measured using a Beckman-Coulter LS230 Enhanced Particle 
Analyzer.  Results are shown in Figure 5.1.  For low-temperature oxidation measurements, 
in order to obtain a more distinguishable discrepancy between the reaction progresses of 
two size fractions, an even finer size fraction was prepared by passing the as-received 
powder through a 650 mesh (20 µm opening) sieve.  Sieving was carried out using ASTM 
certified 12-inch test sieves by Advantech Manufacturing.  Powders were placed on the 
sieves in an argon-filled glove box, and shaken by hand for several minutes.  It was only 
necessary to obtain small quantities with sufficiently different size distributions.  Complete 






A common feature for all pairs of coarse and fine powder fractions was that, as 
shown in Figure 5.1, there was an overlap between the particle sizes, which was necessary 
for data processing.  For brevity, only one pair of size distributions is shown here.   
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Figure 5.1 Particle size distributions for coarse (as received) and fine fractions of the 
spherical magnesium powder used in experiments. 
5.3.2 Thermo-Analytical Measurements 
Magnesium oxidation was studied in two temperature ranges and using two oxidizers.  For 
temperatures in the range of 40 – 80 °C, oxidation in a humid gas flow was studied using a 
TAM III calorimeter by TA Instruments.  A perfusion ampoule was used, enabling 
calorimetric measurements for samples subjected to a controlled gas flow with defined 
humidity or vented to the surroundings.  Measurements were carried out at 313, 333 and 
353 K (40, 60 and 80 °C, respectively).  Samples were contained in 4-mL steel reaction 






then attached to the perfusion ampoule, and the perfusion ampoule was inserted into the 
calorimeter. The perfusion ampoule was flushed with a regulated air flow at 50 mL/h. The 
relative humidity was controlled by varying the percentage of wet and dry air flows 
through a humidifying water reservoir. 
Oxidation in steam and oxygen at higher temperatures, from 350 to 650 ºC, was 
studied using a Netzsch STA409PC/PG thermal analyzer using a thermogravimetric 
sample carrier with a 17 mm diameter flat corundum sample plate. Thermogravimetric 
(TG) traces were recorded.   
In preliminary experiments, oxidizing magnesium in a dry oxygen/argon mixture, 
and using the general-purpose SiC furnace of the STA409PC, magnesium evaporation 
posed a serious problem.  In this configuration, the gas flow in the furnace rises vertically 
from the bottom, creating a wake downstream of the sample carrier.  Gas mixing in this 
wake is poor; oxygen is being consumed by the sample, while argon is not effectively 
flushed out.  This causes an environment with a relatively low oxygen partial pressure 
immediately surrounding the sample, leading to noticeable magnesium evaporation as the 
temperature reaches 500-600 ºC.  This causes a number of problems ranging from 
contamination of the furnace, to unrealizable sample mass during the measurement, to 
ignition and formation of a magnesium vapor flame above the sample.  In order to avoid 
these problems, the water vapor furnace of the STA409PG was used in experiments with 
both steam and oxygen as oxidizers.  In this furnace, the oxidizer flows from the top of the 
furnace down to the sample.  This flow pattern ensured that the gas surrounding the sample 







For the measurement with steam, the furnace was connected to a pressurized boiler, 
which was held at 180 °C.  The steam was supplied to the furnace through a heated 
connecting line maintained at least at 150 °C to prevent condensation. Argon (Ultra-pure 
by Airgas) was introduced into the furnace in two locations. The first and invariant gas 
flow of 50 mL/min served to protect the thermobalance from any condensation. It entered 
the furnace from below. Due to the furnace geometry, it had a negligible contribution to the 
gas environment that the sample was exposed to. The second argon flow was used as a 
carrier gas for steam, entering the furnace from above; its flow rate was set to 166.7 
mL/min, which converted to 253.4 mL/min at 180 ºC, the temperature at which steam was 
produced.  Steam was supplied at 13.8 mL/min, generating an argon flow with 5% of steam 
fed to the sample. 
For dry oxidation experiments, oxygen (Ultra-pure by Airgas) was used. The gas 
flow configuration was similar to that used in measurements with steam: argon was 
introduced as a protective gas around the thermobalance.  It was also mixed with oxygen 
and flushed through the furnace. The argon flow rates were 50 and 90 mL/min, 
respectively. The oxygen flow rate was 10 mL/min to ensure that 10% of oxygen in argon 
was supplied to the sample. 
5.4 Results and Discussion 
5.4.1 Reaction Interface for Magnesium Oxidation 
A method locating the reaction interface described in detail in Refs. [92, 127] was 
employed for oxidation of magnesium.  Briefly, two size fractions of a spherical powder 






distributions for the two powder fractions are distinctly different, but contain an 
overlapping range of particle sizes.  It is assumed that the particles with the same sizes will 
oxidize in the same fashion in both powder fractions.  Different reaction scenarios placing 
the reaction interface at different locations are initially considered, as illustrated in Figure 
5.2.  In all cases, a core-shell geometry is assumed for oxidation of spherical particles.  For 
each reaction scenario, the reaction rate is assumed to be proportional to the reaction 
interface area.  This area is continuously changing while the reaction is progressing.  For 
case a in Figure 5.2, the reaction interface area shrinks, while for cases b and c, it increases.  
In case a, reaction occurs at the metal/product interface; for cases b and c the reaction 
occurs outside of the forming product shell.  In case b, the shell is assumed to be ductile, 
and its internal radius r shrinks when the metal core is diminished.  In case c, the shell is 
rigid and its internal radius r remains constant; thus, a void can form in the reacting 
particle.   
Taking into account the measured particle size distributions shown in Figure 5.1, it 
is possible to distribute the change in mass measured in a thermogravimetric experiment 
among all particles, based on their diameter and an assumed reaction model, e.g., a, b, or c 
in Figure 5.2. This distribution will change continuously during the experiment, because of 
continuous changes in radii r and R (Figure 5.2).  Thus, an individual oxidation curve can 
be obtained for each specific original particle size, which will differ for different reaction 
models.  When the model selected represents the actual process, these individual oxidation 
curves should be identical for the particles of the same sizes but belonging to different size 
distributions.  Comparison of such curves, and finding the reaction scenario providing the 







Figure 5.2 Schematic diagram illustrating possible locations for the reaction interface: a. 
Reaction at the inner metal/product shell interface; b. Reaction at the outer metal/product 
shell interface, ductile shell; c. Reaction at the outer metal/product shell interface, rigid 
shell. 
 
Both coarse and fine powder size fractions were heated at a rate of 10 K/min up to 
1100 K using steam as an oxidizer.  The measured TG traces are shown in Figure 5.3. An 
inset shows the results expanding the temperature range between 800 and 900 K, where the 
most significant difference between the two traces was observed.   
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Figure 5.3 TG traces for two size fractions of the magnesium powder oxidizing in 







Mass changes shown in Figure 5.3 were distributed among different particle size 
bins for both powder fractions assuming reaction models illustrated in Figure 5.2 a, b, and 
c and using particle size distributions shown in Figure 5.1.  The mass changes can be 
translated into oxide thickness, a convenient indicator of the reaction progress.  In this 
processing, the initial oxide thickness was taken as 24 nm, following Reference [128], 
where it was determined based on the total weight gain of the Mg powder fully oxidized in 
steam.  For example, for two size fractions, two curves for the obtained oxide thickness as 
a function of temperature for a selected, 20.7 µm particle size, are shown in Figure 5.4 for 
three reaction scenarios.  This specific particle size is present in both powder fractions; 
thus, for an ideal model the two curves shown in Figure 5.4 should coincide. Note that the 
temperature range shown in Figure 5.4 is narrowed down to focus on the discrepancies 
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Figure 5.4 Comparison of oxide thicknesses predicted to grow for a magnesium particle 
with initial diameter of 20.7 µm from both fine and coarse powders using three different 
oxidation models shown in Figure 5.2.  Experimental data shown in Figure 5.3 are 
processed using size distributions shown in Figure 5.1. 
 
It appears that the discrepancies are somewhat smaller for case a, when the reaction 






assessed quantitatively for all sizes present in both powder fractions using parameter, Eri, 


















where summation is done for all j time steps for the measurement and ,
Coarse
i jm and  ,
Fine
i jm
are the weight changes for coarse and fine Mg fractions respectively, corresponding to the 
thj time step. 
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Figure 5.5 Total discrepancy measure calculated using Equation (5.3) for data on 
oxidation of Mg in steam processing using different reaction models. 
 
Parameter Eri reduces the differences between the calculated traces shown in 
Figures 5.4 to one number, quantifying discrepancy implied by each model for the entire 
measurement. Parameter Eri is plotted in Figure 5.5 for all the overlapping particle sizes for 






shown in Figure 5.2, when the reaction of Mg with steam is assumed to occur at the inner 
interface between magnesium and the growing product layer.   
The same approach was followed to identify the reacting interfaces for the 
oxidation of Mg by oxygen at elevated temperature and by water vapor at low temperatures 
(latter experiments were performed isothermally.)  
Both coarse and fine fractions of Mg powder were heated up to 840 K at a heating 
rate of 2 K/min in order to minimize the possibility of ignition in the furnace. The mass 
change for two size fractions of the magnesium powder oxidizing in oxygen was plotted as 
function of temperature and shown in Figure 5.6. A noticeable discrepancy of reaction rate 
between the two magnesium powders was observed from the result. The mass changes 
were distributed among different particle size bins for both powder fractions assuming 
reaction models illustrated in Figure 5.2 a, b, and c and using particle size distributions 
shown in Figure 5.1.   
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Figure 5.6 TG traces for two size fractions of the magnesium powder oxidizing in 







The quantitative analysis was performed using Equation (5.3) for the reaction of 
magnesium with oxygen at elevated temperature for all the overlapping size bins as well. In 
contrast to the oxidation in steam, however, the TG measurements could not be used over 
the whole temperature range due to slight but noticeable magnesium evaporation, and 
therefore unreliable final mass.  The analysis was therefore limited to a maximum 
temperature of 800 °C.  This has the effect that in the case of oxidation in dry oxygen the 
large mismatch associated with complete oxidation (see Figure 5.4) is not accounted for in 
the value of Er.  The results of comparisons among three possible reaction models are 
shown in Figure 5.7.  Similarly to reaction with steam, the reaction interface for 
magnesium with oxygen at elevated temperature is located between the metal and its oxide 
layer although the difference between the scenarios sharply decreases for larger particles 
due to the limited temperature range. 
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Figure 5.7 Total discrepancy measure calculated using Equation (5.3) for the reaction of 







Finally, the isothermal reaction of magnesium powders with water vapor at 60 °C 
was characterized using TAMIII.  The normalized heat flow for both, coarse and fine 
magnesium powder fractions was converted to the mass change as a function of time. Both, 
the experimental heat flow traces and respective calculated mass changes for magnesium 
powder are shown in Figure 5.8 a and b, respectively; a significant difference between the 
two traces of mass changes was observed in Figure 5.8 b. 
Time, min































Figure 5.8 Experimental heat flow traces obtained in TAMIII isothermal measurements 
for fine and coarse fractions of the magnesium powder oxidizing in humid argon at 60 
º
C 
and inferred mass changes for the powder loads.   
 
The quantitative analysis was also performed for the reaction of magnesium with 
water vapor at low temperatures for all overlapping particle size bins. The comparisons 
among three possible reaction models are shown in Figure 5.9.  The absolute values of the 






isothermal measurements.  Like in the previous cases, the reaction interface for magnesium 














Figure 5.9 Total discrepancy measure calculated using Equation (5.3) for the reaction of 
magnesium with water vapor at low-temperatures using different reaction models. 
 
Based on Figures 5.5, 5.7, and 5.9, the obtained results indicate that the reaction 
always occurs at the interface between magnesium and its oxide or hydroxide layer. 
5.4.2 Low-Temperature Oxidation of Magnesium in Water Vapor 
5.4.2.1 Experimental Results. Normalized heat flow curves recorded for the isothermal 
reactions of a magnesium powder (as received or coarse fraction) with water vapor mixed 
with argon and air at three temperatures: 40, 60 and 80 °C are shown in Figure 5.10 as grey 
solid lines. For both, argon and air carrier gases, the reaction rate increases with increasing 
temperatures as expected.  In addition, the main oxidation peak was generally preceded by 
an induction period, consistent with previous reports on low-temperature oxidation of 






water, it is likely that initially hydration contributes to the measured heat flow.  The 
hydration leads to recrystallization of the oxide layer to yield the stable magnesium 
hydroxide [110, 124].  Assuming an initial dry oxide layer with a thickness of 24 nm [120], 
one calculates a total enthalpy of hydration of approximately 260 J/g for the coarse 
fraction, and 600 J/g for the fine fraction.  The measurements show an integrated enthalpy 
of roughly 25 J/g and 150 J/g at the end of the induction period for the coarse and fine 
fractions, respectively.  This is consistent with partial hydration of the oxide layer before 













































Figure 5.10 Normalized heat flows for magnesium powder oxidizing in water vapor at 
100% relative humidity in argon and air (carrier gases) at three different temperatures: 40, 
60 and 80 ºC. 
 
The decaying parts of traces shown in Figure 5.10 will be described below using a 
conventional oxidation model. Accounting for the hydration of the initial oxide layer 
would consistently amount to a correction of up to 30 % to the integrated heat at the peak 
heat flow, which is used as the starting point for the model fits.  Since the measured heat 
flow curves cannot be easily deconvolved to separate the oxide hydration from the metal 






results, and not corrected for.  Even with this limitation, these data and respective reaction 
kinetics are expected to be useful in describing the rate at which Mg powders would age 
while exposed to humid environments.   
Normalized heat flow traces for magnesium oxidized using humid argon at 
different humidity levels at 80 ºC are shown in Figure 5.11.  At low humidities (50 – 70%), 
two peaks are observed.  The second peak shifts quickly to shorter times as the humidity 
increases, consistent with more rapid oxide hydration.   When the humidity exceeds 80%, 
the second peak becomes indistinguishable from the first one.  At 90% humidity, another, 
third peak appears to follow what is expected to be merged first and second peaks.  The 
amplitude of the initial peak drops when the humidity reaches 95%.  The amplitude of the 
following (third) peak increases respectively. 
What causes the appearance of multiple peaks at higher humidities remains 
speculative.  A porous hydroxide layer could change morphologically, or the porosity 
could be saturated with condensed water, causing enhanced diffusion, and faster reaction.  
The aim of the present work is to describe the rate of these reactions.  A future detailed 
structural analysis is warranted. 
It should be possible to correlate the decaying portions of the traces shown in 
Figure 5.11 with a regular oxidation scenario, while the earlier parts of the peaks represent 





































Figure 5.11 Normalized heat flows for magnesium oxidized in humid argon at different 
humidities at 80 ºC.   
 
5.4.2.2 Reaction Kinetics. Following the previously developed model in Reference [31], 
the formula in Equation (5.2) was used to describe the rate of a direct diffusion limited 
oxidation for a spherical oxide layer. In current work, same equation was applied to 
describe magnesium oxidation as well. Decaying portions of the measured heat flow 
curves were described using an explicit oxidation model for spherical particles (cf. case a, 



























The measured heat flow was translated into 
𝑑𝑚𝑜𝑥
𝑑𝑡
 accounting for the magnesium 
oxidation enthalpy; values of ri and Ri were calculated based on the experimental heat flow 
as a function of time considering the surface area based average particle size.  Values of the 
activation energy, E and pre-exponent, C were treated as adjustable parameters. Different 
reaction models, expressed mathematically as the last term in Equation (5.2), were 
considered.  The reaction model reflected in Equation (5.2) represents oxidation limited by 
diffusion through a growing spherical product shell and gave the best match with 
experimental data.  Initially, three traces measured at 100% humidity and at constant 
temperatures of 40, 60, and 80 °C, respectively, were fitted simultaneously.  The fitting 
began from the peak in the heat flow, matching the decaying portion of each trace.  For 
each peak position, thickness of magnesium hydroxide and the respective value of mox  
were calculated using the experimental integrated heat release. The resulting values of 
activation energy and pre-exponent for both air- and argon-based humid environments are 
given in Table 5.1.  Calculated traces are shown as black dashed lines in Figure 5.10.  The 
match between experimental and computed traces is adequate.   





Ea, kJ/mol 58.2 62.6 
C, g/m/s 3.38E-03 1.35E-02 
 
Changed humidity was expected to affect the pre-exponent only, leaving the 
activation energy unchanged.  Therefore, the experimental results shown in Figure 5.11 






pre-exponent.  Note that decays after both second (merged with the first) and the third 
peaks observed at higher humidities were considered.  Decay after the second peak could 
not be processed for 50% humidity, because the experiment was not long enough to capture 
the respective decay.  The values of pre-exponents are shown in Figure 5.12 and Table 5.2.  
The pre-exponent identified as describing decay of the second peak should be used for 
humidities lower than 90%; the pre-exponent describing decay of the third peak is 
appropriate for higher humidities.  An increase in the value of the pre-exponent that is 
directly proportional to the humidity is reasonable, representing an expected acceleration 
in the reaction kinetics.  
Comparisons between measured and calculated heat flow traces at different 
humidities are shown in Figure 5.13.  Calculated curves represent the general observed 
trends, although they do not reproduce the experimental data perfectly.   
Obtained reaction kinetics can now be used to predict aging of magnesium powders 
exposed to humid environments.  Such aging is well-known to occur; however, there has 
been no quantitative data enabling one to predict the rate at which the powder is being 
oxidized.  Considering, for simplicity, a monodisperse 30-m diameter powder at room 
temperature, predictions were made for both argon and air based environments at 100 % 
humidity.   
Table 5.2  Pre-exponent for the isothermal reaction of Mg with varied relative humidity 
in argon at 80 °C 





Second peak   2.20 1.07 0.82 0.47 

































Figure 5.12 Pre-exponents of the low-temperature reaction of Mg with water vapor as a 






























Figure 5.13 Calculated vs. experimental normalized heat flows of Mg oxidized in humid 
argon at varied relative humidities and at a constant temperature, 80 °C.  Bold portions of 
































































Figure 5.14  Magnesium oxidation (aging) predicted to occur at room temperature (25 
º
C) 
in air and argon-based environments at 100 % humidity. 
 
At lower humidities, oxidation will slow down. Respective estimates are illustrated 
in Figure 5.15.  For 60% humidity, only between 6 and 7% of magnesium are predicted to 
be oxidized after 0.1 year.   
Time, years


























































Figure 5.15  Magnesium oxidation (aging) predicted to occur at room temperature (25 
º
C) 
in the argon-based environment at different humidities. 
 
Results are shown in Figure 5.14.  On the left hand side, Figure 5.14a, remaining 






5.14b, the same calculation is presented in terms of magnesium mass oxidized, plotted vs. 
time on a logarithmic scale.  It is predicted that the aging occurs somewhat faster in 
argon-based environments, although the difference between the two environments is 
minor.  After only a relatively short storage time (about 0.1 year, Figure 5.14b), close to 
20% of magnesium is expected to be oxidized.  However, even after 200 years, it is 



































Figure 5.16  TG traces for magnesium oxidation with oxygen and steam obtained at 







5.4.3 High Temperature Oxidation of Magnesium in Water Vapor and Oxygen 
5.4.3.1 Experimental Results. Results of TG measurements performed at different 
heating rates for magnesium reacting with steam and oxygen are shown in Figure 5.16.  
The weight gain shifts to higher temperatures at greater heating rates, as expected for 
thermally activated reactions.  The temperatures were limited for the measurements in 
oxygen to minimize evaporation of magnesium, making the results difficult to interpret and 
contaminating the furnace.  The mass gain is small and the signal is noisy at lower 
temperatures, especially for reactions in oxygen.   
5.4.3.2 Reaction Kinetics. Reaction rates are commonly described as a kinetic triplet, 














A model free isoconversion method [96, 97] was used to determine the activation 










i j i j
J E T t
E




   
  
  (5.4) 
 
where the subscript   refers to selected values of the reaction progress that were observed 






activation energy E.  The sums are taken over all included experiments.  The functions J 
are integrals of the exponent of activation energy over experimental temperature over a 
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Once the activation energy is obtained, the pre-exponent can be estimated assuming 
a specific form for the progress function f().  The calculation of the pre-exponent used the 
reaction model given by Equation (5.2).  In other words, as before, reaction was assumed to 
occur for a core-shell geometry, as shown in Figure 5.2a, and to be rate limited by diffusion 
through a coherent oxide layer. 
Results of the model-free isoconversion processing for measurements in oxygen 
are presented in Figure 5.17 in terms of activation energy as a function of a uniform 
estimated oxide thickness.  After a quick initial increase, the activation energy is observed 


































Ea = 148 kJ/mol
 
Figure 5.17  Activation energy of the reaction of Mg with oxygen as a function of oxide 
thickness of magnesium. 
 
Once the activation energy for the reaction of Mg with oxygen was determined, the 
pre-exponent, C, was evaluated as a function of temperature or oxide thickness using 
experimental data shown in Figure 5.16 and Equation (5.2). The resulting pre-exponent as 
a function of the oxide thickness is shown in Figure 5.18. The solid curve represents the 
result of calculations using experimental data, the dashed curve is a 4
th
 order polynomial 
line fit. This polynomial fit was used in validating calculations, aimed to reproduce the 
experimental data using the identified reaction kinetics, summarized in Table 5.3.   
 
Table 5.3  Reaction Kinetics Parameters Describing Oxidation of Magnesium in 
Oxygen Following Equation (5.2) 
Range of oxide thicknesses Activation energy, E, kJ/mol 
Pre-exponent, C, g/m/s 
(oxide thickness h is in µm) 
 




434·h4 – 834·h3 + 863·h2 – 





















Figure 5.18 Pre-exponent of the reaction of Mg with oxygen as a function of oxide 
thickness of magnesium. 
 
Results of the validating calculations are shown in Figure 5.19.  Considering 
substantial noise in measurements observed at low temperatures, the match between the 
calculations and experimental data is acceptable.  Both shift in the predicted TG traces as a 
function of the heating rate and the slope showing the rapid increase of weight during 























Figure 5.19  Measured vs. calculated TG traces for magnesium oxidation in oxygen at 
different heating rates. 
 
Results of the model-free isoconversion processing for measurements on 
magnesium oxidation in steam carried by argon are shown in Figure 5.20.  Unlike for 
oxygen, activation energy is observed to steadily increase as a function of the oxide 
thickness.  This increase stops at about 360 kJ/mol when the oxide thickness exceeds 2.4 
µm.  For practical and validating calculations, the activation energy is assumed to increase 
linearly up to 360 kJ/mol, as shown by a dashed line in Figure 5.20 and in Table 5.4.  The 
results for the pre-exponent, which correlate with the obtained activation energy, are also 






































Figure 5.20  Activation energy for oxidation of magnesium in steam at elevated 
temperatures as a function of the magnesium oxide thickness. 
 
Table 5.4  Reaction Kinetics Parameters Describing Oxidation of Magnesium in Steam 
at Elevated Temperatures Following Equation (5.2) 
Range of oxide thickness 
Activation energy, kJ/mol, h 
is in µm 
Ln(C) (g/m/s); h is in µm 
24 nm to 2.4 µm 94.99·h + 130.4 6.59·h + 0.368 
>2.4 µm 358.4 16.2 
 
Validating calculations comparing predictions made using the identified kinetics 
with the measurements for magnesium oxidation in steam are shown in Figure 5.21.   Both 
shifts to higher temperature at greater heating rates and slopes of individual TG traces are 
well reproduced in calculations.  Therefore, the reaction kinetics identified in Table 5.4 is 
useful in predicting the rates at early stages of magnesium oxidation in steam at elevated 


























    
 
Figure 5.21  Comparison of measured TG traces and calculated TG traces of the reaction 
of Mg in steam for three heating rates. 
 
Apparent kinetic parameters of Mg oxidation in dry oxygen and in steam can be 
compared to a limited extent.  It should be noted that the final degree of oxidation is 
different in both sets of high temperature measurements.  The measurements in dry oxygen 
are limited to estimated oxide thickness of less than 1.2 µm, while thicknesses up to 4 µm 
were reached in steam.  The limitation is primarily due to evaporation of Mg and resulting 
unreliable measurements at higher temperatures. 
In the thickness range that is covered by both sets of measurements, the activation 
energies are comparable.  In steam, it starts from about 100 kJ/mol and increases to about 
240 kJ/mol, while in dry oxygen it levels off to near constant 148 kJ/mol.  The increase in 
activation energy, which is not based on the assumption of a specific mechanistic model, 






Conversely, the pre-exponent derived using the core-shell geometry, and assuming 
the shell is uniform and not explicitly porous, shows different behavior.  In oxygen, the 
pre-exponent changes by about 2 orders of magnitude up to an estimated thickness of 1.2 
µm, while in steam the pre-exponent changes by about one order of magnitude and then 
levels out at 2.4 µm estimated thickness.   
The pre-exponent C was treated as a comprehensive oxidation rate constant in 
Equation (5.2), accounting for diffusion limited reaction and evolution of the reacting 
interface. As the diffusion resistance of the oxide layer and the morphology of the reacting 
interface change during the reaction, C was affected and changed as a function of reaction 
progress (temperature or oxide thickness).  Any and all changes in the true oxidation 
mechanism are now lumped into the pre-exponent.  Contrary to the assumption of a 
uniform oxide shell, the oxide is porous, however, and this porosity could be counteracted 
by faster diffusion in the presence of water, leading to continuous recrystallization and 
sintering of the oxide.  An additional obstacle to describing these changes mechanistically 
comes from the observed tendency of Mg to evaporate at higher temperatures.   
Care should be taken when applying the models presented here to situations where 
higher temperatures as well as greater mass changes/oxide thickness are encountered. 
5.5 Conclusion 
Reactions of heterogeneous magnesium oxidation occurring in a broad range of 
temperatures in both dry and wet environments producing either MgO or Mg(OH)2 take 
place at the interface between magnesium metal and the growing oxidized product layer.  
This suggests that the reactions are rate limited by diffusion of oxidizer through the 






All oxidation reactions for magnesium powders can be described reasonably well 
using a model assuming that the reaction is limited by thermally activated diffusion of 
oxidizer through a growing shell of the product.   Activation energy of magnesium 
oxidation in humid environments at low temperatures is close to 60 kJ/mol.  The 
pre-exponent varies in a range of 10-3-10-2g/m/s, depending on a specific environment 
and humidity.  The identified low-temperature reaction kinetics enables one to describe 
aging of Mg powders stored at different temperatures and humidities.   
Reaction kinetics at elevated temperatures, which is relevant for modeling ignition 
of magnesium and its alloys, is also quantified.  Activation energy for oxidation of 
magnesium in oxygen is 148 kJ/mol.  To adequately describe the observed reaction, the 
pre-exponent should increase as a function of the growing oxide layer, reaching ca. 350 
g/m/s for 1-µm thick oxide.  For oxidation of magnesium in steam at elevated 
temperatures, the activation energy increases linearly from approximately 130 to 360 
kJ/mol, while the forming oxide layer thickens up to 2.4 µm.  The preexponent, C, 
increases simultaneously with the activation energy; ln(C) in g/m/s reaches 16.2 when the 






CHAPTER 6  
OXIDATION OF ALUMINUM-MAGNESIUM ALLOY POWDERS IN OXYGEN 
6.1 Abstract 
Alloys of aluminum and magnesium are widely used in pyrotechnics as well as in other 
energetic formulations.  They were also explored recently as metal additives in oxygen 
generators and as materials capable of reacting with water for hydrogen production.  Thus, 
mechanisms of low-temperature, heterogeneous oxidation of such alloys by both oxygen 
and water are of interest.  Understanding such mechanisms enables one to model both their 
aging and initiation in various devices.  In this work, both commercial atomized spherical 
Al-Mg alloys and mechanically alloyed Al-Mg powders were oxidized in oxygen using 
thermo-gravimetry (TG). Fully and partially reacted powders were recovered and 
characterized using scanning electron microscopy and x-ray diffraction. Voids grow within 
oxidized alloy powders for both atomized and mechanically alloyed powders. Two 
oxidation stages were identified for both spherical Al-Mg alloys and mechanically alloyed 
powders. Magnesium was first oxidized selectively, producing MgO. Spinel MgAl2O4 
was produced during the second stage. The reaction interfaces were always located at the 
internal surface of the oxide shell as determined by matching the oxidation dynamics for 
particles with the same sizes but belonging to powders with different particle size 
distributions. Thus, the reaction is always rate limited by inward diffusion of oxygen ions 
through the growing oxide shell.  Apparent activation energies for both oxidation stages 
were obtained as a function of the thickness of the growing oxide layer.  The switchover 







Various Al-Mg alloys find multiple applications in structural materials [132, 133], for 
hydrogen storage [134], and as components of energetic formulations [135-137]. Most of 
the published work on oxidation of such alloys deal with compositions with small 
concentrations of Mg, varied from less than 1 to 5% [138-140].  For such materials, it was 
observed that the oxide includes different layers, with MgO typically observed on top of 
MgAl2O4 and/or Al2O3.  At the same time, alloys with much higher concentrations of Mg 
are of interest for propellants, explosives, and pyrotechnics [141-144].  Oxidation of such 
high-Mg content materials is not well understood.  In Reference [145], oxidation of an 
Al3Mg2 alloy was considered.  The reaction was observed to proceed in three stages with 
three distinct rates: an MgO layer was formed initially; then MgAl2O4 oxide was 
produced, which finally cracked, leading to the third oxidation stage.  However, detailed 
kinetic details enabling one to describe these reactions quantitatively are not available.  
Such descriptions are very important for reactive materials for prediction of both aging and 
ignition behaviors of the relevant compositions.  Recently, thermo-analytical studies were 
used to clarify reaction mechanisms and describe them quantitatively for both Al [92, 127] 
and Mg [146] powders.  Here, a similar experimental approach and data processing 
techniques are applied to characterize high temperature oxidation in Al-Mg alloys with 
equal mass fractions of aluminum and magnesium.  The objectives are to identify the 
interface for heterogeneous oxidation reactions and describe reaction rates quantitatively.  
The experiments performed with two types of Al-Mg alloys prepared by different 








Two Al-Mg alloy powders with Al/Mg mass ratio of 50:50 were used in 
Thermo-gravimetric (TG) experiments.  An atomized spherical alloy, -270 Mesh was 
provided by Valimet Inc.  A mechanically alloyed powder was prepared at NJIT as 
described in detail elsewhere [36, 125, 147].  Briefly: starting materials for the 
mechanically alloyed powder were elemental powders of Al (Atlantic Equipment 
Engineers, 99.8% pure, -325 Mesh) and Mg (Alfa-Aesar, 99.8% pure, -325 Mesh).  
Mechanical alloying was performed using a Retsch PM-400 MA planetary mill operated at 
350 rpm. Powder mass load was 30 g per vial; 9.5 mm-diameter hardened steel balls served 
as milling media. The ball to powder mass ratio was 10; the milling time was 2 hours. Each 
vial was filled with 50 mg of hexane used as a process control agent.   
 
Figure 6.1 Backscattered SEM images for Al-Mg powders: atomized spherical alloy (a) 







Scanning electron microscope (SEM) images for both Al-Mg alloy powders are 
shown in Figure 6.1. The particles have roughly spherical shapes for atomized Al-Mg 
alloys. Mechanically alloyed powder particles have characteristic angular shapes; they also 
are noticeably coarser than the atomized powders.  
For detailed TG measurements described below, the spherical atomized alloy 
powder was split into two fractions with different but partially overlapping particle size 
distributions.  The powder was passed through a 550 Mesh (25 µm opening) sieve. The 
particle size distributions for both obtained size fractions were measured using a 
Beckman-Coulter LS230 Enhanced Particle Analyzer as shown in Figure 6.2.  These 
measured particle size distributions were directly used to process the TG measurements for 
the atomized alloy powder.  The TG measurements for the mechanically alloyed powder 



























Figure 6.2 Particle size distributions for coarse (as received) and fine (sieved) fractions 






6.3.2 Oxidation Experiments 
Both Al-Mg powders were oxidized in an oxygen/argon mixture using a Netzsch 
STA409PC/PG thermal analyzer with a thermogravimetric sample carrier. The customized 
furnace used in experiments provided the oxidizer flow from the top of the furnace down to 
the sample. This flow pattern helped to oxidize and condense evaporating magnesium 
directly in the sample holder.  Magnesium evaporation and deposition of the oxide 
elsewhere in the furnace presented a serious experimental problem in preliminary 
experiments, when a regular furnace was used, in which the oxidizing gas was rising from 
the bottom up.   
In these experiments, argon was introduced as both a protective gas surrounding the 
thermobalance and as a carrier gas for oxygen/argon oxidizing mixture; the respective flow 
rates of argon were 90 and 20 mL/min. The oxygen flow rate was 10 mL/min so that 
oxygen comprised 30% of gas supplied to the sample. The powders were held on a 17-mm 
diameter flat corundum sample holder and heated up to 800 °C.  Heating rates varied from 
2 to 20 °C /min in different experiments.   
Fully and partially oxidized powders were recovered and examined using a 
scanning electron microscope (LEO 1530 Field Emission SEM); their compositions were 
characterized using x-ray diffraction (XRD) using a PANalytical Empyrean 
diffractometer.  The diffractometer was operated at 45 kV and 40 mA using unfiltered Cu 






6.4 Results and Discussion  
6.4.1 Phases and Morphologies Formed upon Oxidation 
Initial oxidation TG measurements were performed for both atomized and mechanically 
alloyed powders at a fixed heating rate of 5 °C /min. The resulting TG traces and shown in 
Figure 6.3. For the atomized powder, an appreciable oxidation begins above 350 ºC.  For 
mechanically alloyed powder, the weight increase becomes detectable above 400 ºC.  For 
both materials, reaction accelerates substantially around 500 ºC.  Above ca. 530 ºC, the rate 
of oxidation becomes slower.  It remains nearly constant for the mechanically alloyed 
powder at higher temperatures.  An additional acceleration in the oxidation rate is observed 























































Figure 6.3 TG traces for the atomized spherical Al-Mg alloys (black) and mechanically 







Open circles in Figure 6.3 show the temperatures, from which each powder was 
quenched and recovered for SEM and XRD analyses.  The temperatures, from which the 
powders were recovered were 450, 520, and 650 °C for the atomized powder and 520 and 
800 °C for the mechanically alloyed powder.  These temperatures were selected to observe 
possible differences in the oxidation products formed at different reaction stages. 
SEM images of the partially oxidized powders are shown in Figures 6.4 and 6.5 for 
atomized and mechanically alloyed powders, respectively.  The atomized powder 
recovered at 450 ºC, retains its spherical shape; however, the particle surface is not as 
smooth as for the original material.  Minor surface depressions are noticed, which may 
indicate shrinkage of the thermally expanded particles.  For the powder recovered from 
higher temperatures, as shown in Figure 6.4 (b) and (c), many broken hollow particles are 
observed.  While breakage of the particles was most likely caused by the handling of the 
powder samples transferred to the SEM sample holder, as shown earlier 16, the hollow 
shells were clearly formed during oxidation.  No qualitative difference was observed 
between samples shown in Figures 6.4 (b) and (c).   
For the partially oxidized mechanically alloyed powders, the changes in the surface 
morphology upon oxidation were more noticeable as shown in Figure 6.5 (compare to the 
as prepared powder, Figure 6.1 (b)).  In addition to multiple fine crystallites formed on 
surface of particles shown in Figure 6.5, formation of hollow structures is also observed, 







Figure 6.4 SEM images of partially oxidized atomized powder particles recovered from 
450 °C (a), 520 °C (b) and 650 °C (c). 
 
Figure 6.5 SEM images of partially oxidized mechanically alloyed powder particles 
recovered 520 °C (a) and 800 °C (b). 
 
Results of the XRD analyses for partially oxidized samples of the atomized alloy 
are shown in Figure 6.6.  At 450 °C, the sample mostly comprises of an Al12Mg17 
intermetallic phase.  Only small amounts of MgO are detectable.  At 520 °C, strong peaks 
of both MgO and elemental Al appear.  This clearly suggests a selective oxidation of Mg at 
low temperatures.  At 650 °C, peaks of MgO remain nearly unchanged.  Peaks of elemental 
Al become much weaker and strong peaks of the spinel group, MgAl2O4 appear.   
XRD patterns for partially oxidized samples of the mechanically alloyed powder 
are shown in Figure 6.7.  Note that the as prepared material was characterized by XRD 






for the mechanically alloyed powder was dominated by the broadened peaks of elemental 
Al and Mg, with relatively minor peaks of the intermetallic.  For the sample recovered at 
520 °C, peaks of elemental Al and MgO become strong, similar to that observed in Figure 
6.6 for the atomized powder.  Also similar to the atomized powder, peaks of spinel, 
MgAl2O4 become well-visible for the sample recovered from 800 °C. 
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Figure 6.6 XRD pattern for the reaction products of spherical Al-Mg alloys powder 





























Figure 6.7 XRD pattern for the reaction products of mechanically alloyed Al-Mg 
powder quenched and recovered at 520 °C and 800 °C. 
 
XRD results for both powders consistently indicate selective low-temperature 
oxidation of Mg, followed by oxidation of remaining aluminum, which causes formation 
of the ternary MgAl2O4 phase.  A balanced global reaction (R1) for the alloy including 
50/50 Al/Mg mass ratio is: 
 
0.47 0.53 2 2 40.6175 0.295 0.235Al Mg O MgO MgAl Mg       (R1) 
 
Considering that selective oxidation of Mg occurs first, it is suggested to break the 
global reaction into two steps.  The only oxide phase forming in the first step is MgO.  In 
the second step, the product is MgAl2O4 with the MgO formed in the first step either 








 0.47 0.53 2 0.47 0.2350.53 0.235 xAl Mg aO x MgO Al Mg     (R2) 
  0.47 0.235 2 2 40.53 0.235 0.295 0.235xx MgO Al Mg bO MgO MgAl O      (R3) 
 
where a=0.265-0.1175x, b=0.3525+0.1175x, and x can vary between 0 and 1.  If x=0, all 
magnesium present in the alloy oxidizes in the first step forming MgO.  In the second step, 
a portion of the formed MgO reacts with aluminum and oxygen forming MgAl2O4.  If x=1, 
it is assumed that all the MgO formed in the first step remains intact during the second 
reaction step, so that MgAl2O4 is produced by the reaction of unoxidized magnesium, 
aluminum, and oxygen.  Any intermediate value of 0<x<1 is possible.  Even without 
knowing what the actual value of x is, breaking the global oxidation reaction into two steps 
is useful for interpreting the present results.   
6.4.2 TG Data Processing and Location of the Heterogeneous Reaction Interface 
Different reaction mechanisms (see Figure 6.8 and discussion below) were considered, 
assuming the reaction to occur at different interfaces, which change differently as a 
function of the reaction progress.  Only measurements for spherical atomized powder were 
considered to simplify the interpretation of experiments.  In all cases, a core-shell geometry 
is assumed for oxidation of spherical particles.  In agreement with the XRD results shown 
in Figures 6.4 and 6.5, oxidation was assumed to proceed in two distinct steps: first 
selective oxidation of Mg was considered yielding MgO (Reaction (R2); top panels in 






(Reaction (R3); bottom panels in Figure 6.8).  To further streamline the analysis, only cases 
with x=0 or x=1 were considered.   
Three possible reaction sequences were considered, referred to as Cases I, II, and 
III in Figure 6.8.  For all scenarios, the particles include a metallic core with a void and an 
oxide shell.  The reaction interface is shown by bold dashed line.  For Case I, both Mg and 
Al oxidation occur at the internal core-shell interface between the metallic core and 
growing oxide shell.  For Case II, selective oxidation of Mg occurs at the internal 
metal-oxide interface, while second step reaction takes place at the external interface of the 
oxide shell and gas.  Finally, for Case III, both step 1 and 2 reactions occur at the external 
interface of the oxide shell and gas.   
In other words, for Case I, it is assumed that both oxidation of Mg and Al are rate 
limited by the inward diffusion of the oxidizer (oxygen ions).  For Case II, selective 
oxidation of Mg is rate limited by the inward diffusion of oxidizer, while formation of 
MgAl2O4 is limited by outward diffusion of metal ions.  Finally, in Case III all reactions are 
assumed to be rate limited by outward diffusion of metal ions.   
To identify which mechanism describes the results best, the approach developed 
earlier [92, 127, 146] was adapted here.  The weight gain measured in a TG experiment as 
a function of time or temperature for the powder sample was split among powder particle 
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where M is the total powder mass, T is temperature, m is the mass of particles in an 
individual particle size bin, t is time, =dT/dt, is the heating rate, A is the area of the 
reactive interface, and j is mass flux.  Index n numbers particle size bins.   
The change in the reactive surface area for each size bin, 𝐴𝑛 = 4𝑁𝑛𝜋𝑟𝑛,𝑖
2 , is 
determined for each of the cases illustrated in Figure 6.8 using the radius of the respective 
reactive interface, rn,i, and its change during oxidation and accounting for number of 
particles in each bin, Nn (from the measured size distribution).  A key assumption is that the 
mass flux j of the reaction rate limiting diffusing species at the reaction interface is the 
same for all particles.  Solving diffusion equation for a spherical particle with a growing 
oxide shell (appropriate for any of the reaction scenarios shown in Figure 6.8), and 
assuming that mass fraction of the diffusing species changes from 1 to 0 across the oxide 

















where r1 and r2 are inner and outer radii of the growing oxide layer, across which diffusion 
occurs; ?̇? is mass flow of the diffusing species; j is respective flux at the reactive interface; 
ri, is the radius of the reaction interface, which is assumed to be equal to either at r1 or r2, 
depending on the specific mechanism shown in Figure 6.8; D is diffusion coefficient 
(generally defined by an Arrhenius kinetics), and  is density.  Thus, for spherical particles, 





















Note that index n marking an individual size bin is removed for brevity in Eg (3), 
although both flux values and radii are specific for a given particle size.  Thus, the 
measured mass uptake for each assumed reaction model was distributed proportionally to 









 accounting for the effect of particle geometry on the mass 
flux.   
TG measurements were performed for two size fractions of the same powder (cf. 
Figure 6.2).  For each reaction mechanism, shown in Figure 6.8, the TG data were 
distributed among all particles as described above.   
It is important that the size distributions of the two size fractions were not the same, 
but included an overlapping range of particle sizes.  Oxidation processes, in terms of 
changing mass of individual particles or oxide thickness as a function of temperature, were 
compared to each other for particles within that overlapping particle size range for both 
powders.  It was assumed that the oxidation mechanism resulting in the most similar 
oxidation behavior for such particles represented the experiment most accurately.  





















Figure 6.8 Schematic diagram illustrating different reaction mechanisms: Case I. Both 
Mg and Al oxidize at the interface between metallic core and oxide shell. Case II.  Mg 
oxidizes at the interface of metallic core and oxide shell and Al oxidizes at the outward 
boundary of the oxide shell.  Case III. Both Mg and Al oxidize at the outward boundary of 
the oxide shell. 
 
For each reaction mechanism considered, the radii r1 and r2 are continuously 
tracked as a function of temperature for all particles and their values are used to distribute 
the measured weight gain among particles of different sizes.  The measured TG traces used 
in this analysis for both coarse (as received) and fine (sieved) powder size fractions are 
shown in Figure 6.9.  The inset in Figure 6.9 expands the temperature range, for which the 
most significant differences were observed between weight gains for different powder size 
fractions.   
Using the particle size distributions shown in Figure 6.2 and accounting for 
different reaction mechanisms shown in Figure 6.8, the data shown in Figure 6.9 were 






progress, or as a function of temperature.  For each individual particle size, different 
reaction mechanisms yielded different dependencies of mass on time (or temperature); 
these dependencies were also different for particles of the same initial size but belonging 
initially to coarse or fine size fractions of the oxidizing powder.   
Comparing differences in the obtained mass as a function of time for the particles 
of the initially the same sizes present in both powders (i.e., belonging to the overlapping 




















Figure 6.9 TG traces for two size fractions of the atomized spherical Al-Mg alloys 
powder oxidizing in oxygen; heating rate was 5 K/min. 
 
Quantitatively, following previous work [92, 127, 146], functions of mass as a 
function of time for all overlapping particle sizes were compared to each other using 





























where summation is done for all K time steps for the measurements shown in Figure 6.9, 
and ,k
Coarse
nm  and ,k
Fine
nm are the weight changes for coarse and fine powder fractions 
respectively, corresponding to the thk  time step.  Parameter Ern quantifies discrepancy 
between oxidation scenarios for the particles of the same initial size; it should be 
minimized for the reaction model most likely describing actual oxidation processes.  
Values of Ern implied by each model are plotted in Figure 6.10 for all the overlapping 
particle sizes for two powder fractions. Parameter Ern is minimized for Case I, when both 
oxidation reactions are assumed to occur at the internal interface between metallic core and 
oxide shell. Thus, Case I describes the reaction best for the Al-Mg alloys and oxidation of 
both Mg and Al is governed by the inward diffusion of oxidizer for both reaction 
sequences.  This is similar to the oxidation mechanism identified for pure Mg[146], but is 

























Figure 6.10 Cumulative discrepancy measure calculated using Equation (6.1) for data on 
oxidation of spherical Al-Mg alloys in oxygen processing using different reaction models: 
a. x=0 b. x=1. 
6.4.3 Reaction Kinetics 
TG measurements were repeated at different heating rates for the spherical atomized alloy 
powder, as shown in Figure 6.11. The traces shift consistently to higher temperatures at 
greater heating rates.  These measurements were used to identify the apparent activation 









































Figure 6.11 TG traces for atomized spherical alloys powder oxidized at different heating 
rates. 
 
A model free isoconversion method [96, 97] was employed.  Reaction rate was 
considered as a function of a kinetic triplet, including activation energy, E, pre-exponent, 














At each given value of the reaction progress, , the value of activation energy, E is 
determined from the slope of a plot of  against inverse temperature, without 












thus achieving different values of  at different temperatures.  A specific processing 
algorithm described in Reference [97] was used. 
First, measurements presented in Figure 6.11, and representing oxidation of the 
entire powder sample were used.  The resulting activation energy is presented in Figure 
6.12 as a function of the increasing mass of powder, considered here as an indicator of the 
reaction progress.  For the first rapid mass increase step, observed in Figure 6.11 around 
470 – 550 ºC for different heating rates, the relative mass increase changes approximately 
from 0.1 to 0.3, and the apparent activation energy decreases from above 200 to below 50 
kJ/mol.  As the reaction proceeds to the next oxidation stage, the activation energy in 
Figure 6.12 increases stepwise and remains approximately stable around 190 kJ/mol.   
Weight change, (m-m0)/m0



























Figure 6.12 Apparent activation energy of oxidation for an Al-Mg alloy powder in 







To understand why the apparent activation energy decreases during the initial 
reaction stage consider a combination of the effect of different oxidation rates for particles 
of different sizes (unaccounted for by the present processing) and a sequence of selective 
oxidation processes for magnesium and aluminum.  For finer particles, with a relatively 
large surface area available for oxidation, but small metal mass, all magnesium may be 
selectively oxidized at lower temperatures.  Thus, oxidation of aluminum begins at a lower 
temperature as well.  Therefore, in a range of temperatures, oxidation of aluminum for finer 
particles occurs simultaneously with selective oxidation of magnesium in coarser ones.  
This may result in a misleading value for the apparent activation energy.  The above 
reasoning is supported by an estimate shown in Figure 6.13.  One of the plots in Figure 6.13 
is a measured TG trace.  The second plot shows particle size bins, for which all Mg is 
selectively oxidized by a specific temperature.  For simplicity, in this estimate it is assumed 
that x=0, i.e., all magnesium is oxidized in the first reaction step, Reaction (R2).  For the 
smallest size considered, 1 µm, all Mg is consumed at a very low temperature, close to 470 
ºC.  Thus, aluminum oxidation begins for 1-µm particles just above 470 ºC.  When the first 
rapid weight gain stage is finished, just above 500 ºC, magnesium is completely oxidized in 
all particles smaller than approximately 15 µm. Clearly, the apparent activation energy 
obtained for the entire powder shown in Figure 6.12 represents different processes for 





























































Figure 6.13 Size bins with all Mg selectively oxidized vs. respective temperature (x=0) 
and the corresponding TG trace for a spherical Al-Mg alloy in oxygen. 
 
The processing of TG traces described above and involving re-distribution of the 
measured weight gain among individual particle size bins enables one to avoid interference 
between different oxidation reactions occurring simultaneously for particles of different 
sizes.   
TG traces representing the oxidation of individual particle size bins were thus 
obtained considering the reaction mechanism shown as case I in Figure 6.8.  For each size 
bin, the isoconversion processing was applied.  First, following the approach used to obtain 
result shown in Figure 6.12, sample weight change was treated as reaction progress 
indicator.  The activation energies obtained for different particle sizes are shown in Figure 






Qualitatively, it is still observed that the apparent activation energy sharply increases, 
suggesting a step-wise change in the oxidation mechanism.  The step occurs at different 
values of weight change for different particle sizes, suggesting that weight may not be a 








































Figure 6.14 Apparent activation energy of oxidation for individual size bins of an Al-Mg 
alloy powder in oxygen as a function of reaction progress defined through the sample 
weight change. a: Selective oxidation of Mg is completed in Reaction (R2) (x=0); b: 
Minimized selective oxidation of Mg in Reaction (R2) (x=1). 
 
Instead, the thickness of the grown oxide layer may serve as a more natural 
indicator of the reaction progress, assuming that the change in the oxidation mechanism 






size bins were thus obtained as a function of the oxide thickness as shown in Figure 6.15. 
Interestingly, all apparent activation energy trends merge together, suggesting a fairly 
narrow range of oxide thicknesses, for which the reaction mechanism changes.  If all 
magnesium is assumed to be selectively oxidized in Reaction (R2), x=0, the jump in the 
activation energy occurs between thicknesses of 1.24 and 1.56 µm.  For the scenario with 










































Figure 6.15 Apparent activation energy of oxidation for individual size bins of an Al-Mg 
alloy powder in oxygen as a function of reaction progress defined through the grown oxide 
thickness. a: Selective oxidation of Mg is completed in Reaction (R2) (x=0); b: Minimized 







Although the result shown in Figure 6.15 does not enable one to readily distinguish 
between reaction scenarios with x=0 or x=1, it suggests rather clearly that the oxide 
thickness is, indeed a natural indicator of the reaction progress for oxidation of Al·Mg 
alloys.  The abrupt change in the activation energy when thickness passes a range of 1.2 – 
1.5 µm can be attributed to a switch over between Reaction (R2) and Reaction (R3).  For 
Reaction (R2), activation energy falls rapidly at very thin initial oxide layer thickness.  It 
continues to diminish at a lower rate when the thickness increases above approximately 
0.24 µm.  It is likely that the reduction in the apparent activation energy is associated with 
cracks and defects produced in the growing MgO layer. 
For the second step, Reaction (R3), resulting in the formation of the spinel group 
MgAl2O4, the activation energy remains nearly constant around 180 kJ/mol, until the 
oxide layer thickness exceeds ca. 3 µm.  At greater oxide thicknesses, the activation energy 
appears to decrease, probably also due to defects in the thicker oxide shell.   
For both reaction steps, the apparent activation energy values characterize diffusion 
of oxygen ions through a thickening oxide shell.   
6.5 Conclusion 
The oxidation of both commercial spherical Al-Mg alloys and mechanically alloyed 
Al-Mg powder in oxygen was investigated using thermo-gravimetry. Two oxidation stages 
were observed for both powders. First, selective oxidation of magnesium resulting in 
formation of an MgO shell is observed.  The second step reaction generates spinel, 
MgAl2O4.  Both reactions occur at the interface between the metal alloy core and the oxide 
shell and thus are rate-limited by inward diffusion of oxygen ions.  Voids are formed in the 






The switch over between reaction steps occurs when the oxide shell grows above a 
certain thickness between 1.2 and 1.5 µm.  The apparent activation energy of selective 
oxidation of Mg falls rapidly from 250 to 130 kJ/mol when the oxide thickness increases to 
ca. 0.24 µm.  The activation energy continues to diminish down to approximately 65 
kJ/mol as the oxide continues to thicken to 1.2 µm.  For the second oxidation step, the 
activation energy remains nearly constant around 180 kJ/mol while the oxide shell grows 
up to approximately 3 µm.  At greater oxide thicknesses, a slow decrease in the apparent 








CHAPTER 7  
OXIDATION OF NANO-SIZED ALUMINUM POWDER 
7.1 Abstract 
Oxidation of aluminum nanopowders obtained by electro-exploded wires is studied.  
Particle size distributions are obtained from transmission electron microscopy (TEM) 
images.  Thermo-gravimetric (TG) experiments are complemented by TEM and XRD 
studies of partially oxidized particles.  Qualitatively, oxidation follows the mechanism 
developed for coarser aluminum powder and resulting in formation of hollow oxide shells.  
Sintering of particles is also observed.  The TG results are processed to account explicitly 
for the particle size distribution and spherical shapes, so that oxidation of particles of 
different sizes is characterized.  The apparent activation energy is obtained as a function of 
the reaction progress using model-free isoconversion processing of experimental data.  A 
complete phenomenological oxidation model is then proposed assuming a spherically 
symmetric geometry.  The oxidation kinetics of aluminum powder is shown to be 
unaffected by particle sizes reduced down to tens of nm.  The apparent activation energy 
describing growth of amorphous alumina is increasing at the very early stages of oxidation.  
The higher activation energy is likely associated with an increasing homogeneity in the 
growing amorphous oxide layer, initially containing multiple defects and imperfections.  
The trends describing changes in both activation energy and pre-exponent of the growing 
amorphous oxide are useful for predicting ignition delays of aluminum particles.  The 
kinetic trends describing activation energies and pre-exponents in a broader range of the 







Development of practical methods to prepare nano-sized aluminum powders [148-150] 
catalyzed research in new nano-energetic materials, including metal nanopowders, 
nano-thermites, and intermetallic systems [151-153]. Although many compositions have 
been prepared and characterized in the last two decades, nano-sized aluminum powder 
remains the main component for multiple energetic formulations of interest for propellants, 
explosives, and pyrotechnics [154-156].  For most such formulations, oxidation of 
nano-sized aluminum is the process affecting critically both aging and ignition 
phenomena.  This explains an active and sustaining interest in understanding and 
quantitative characterization of reactions governing oxidation of nano-sized aluminum, 
e.g., see [26, 88, 102, 157-160].  In particular, oxidation similarities and differences 
between nano- and micron-sized powders need to be established.  For example, widely 
discussed changes in the melting characteristics of nano-aluminum [151, 161] become 
significant for particles smaller than 10 nm and may not play an important role for most 
practical nano-powders with dimensions in the 100 nm range.  However, it remains unclear 
whether mechanisms and kinetics developed for oxidation of coarse aluminum powders 
are directly transferrable for nano-sized particles.   
Oxidation mechanism of micron-sized aluminum powders has been established 
relatively well [25, 31, 87].  It is generally agreed that the reaction is diffusion controlled.  
It is also agreed that the diffusion rates are heavily affected by the structure of the growing 
aluminum oxide film.  The natural 2 – 4-nm thick oxide is amorphous; it transitions to 
-Al2O3 at elevated temperatures and growing oxide layer thickness [25, 31, 90, 162].  






temperatures increase.  It has been shown recently that the reaction occurs at the interface 
separating the growing alumina layer and gaseous oxidizer, and thus it is rate controlled by 
outward diffusion of aluminum ions [92, 127]. Detailed thermo-analytical measurements 
were reported and processed to establish kinetics of the respective oxidation processes [90, 
162].  Reactions at early oxidation stages were addressed in particular, as most critical for 
modeling both ignition and aging phenomena [163].  A recent study [102] addressing 
oxidation of nano-sized aluminum mostly agrees with the above oxidation sequence.  
However, quantitative comparisons of oxidation rates and respective reaction kinetics are 
not available.   
This work is aimed to characterize oxidation of aluminum nano-powders 
quantitatively.  It is further desired to determine the kinetics of respective reactions and 
compare it directly to that reported for micron-sized aluminum powders.   
7.3 Technical Approach 
Oxidation of spherical aluminum nanopowders is characterized in thermo-analytical 
experiments, including differential thermal analysis (DTA) and thermo-gravimetry (TG).  
Partially oxidized particles are examined by transmission electron microscopy (TEM) and 
x-ray diffraction (XRD).  The results of TG measurements are processed accounting for the 
particle size distribution obtained using TEM and taking into consideration location of the 
reaction interface at the outer surface of the growing alumina layer [92].  The model is 
illustrated in Figure 7.1.  Aluminum is assumed to diffuse through the oxide shell, with 
new oxide growing at the outside of the existing shell.  As the aluminum is consumed, a 
void is assumed to grow in the aluminum particle core.  In other words, aluminum is 






the present approach diminishes as the oxidizing particles sinter and/or change their 
shapes.  However, this analysis is useful in the early stages of oxidation, which are 








Figure 7.1 Schematic diagram of the geometry assumed by the oxidation model.   
 
To process TG data, the weight gain measured as a function of time or temperature 
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dt dt
      (7.1) 
 
where M is the total powder mass, T is temperature, m is the mass of particles in an 
individual particle size bin, t is time, A is the area of the reactive interface, and j is mass 
flux.  Index i numbers particle size bins.  The change in the reactive surface area for each 
size bin, 𝐴𝑖 = 4𝑁𝑖𝜋𝑟𝑖
2, is determined accounting for number of particles in each bin, Ni 
(from the measured size distribution), radius of the respective reactive interface, ri, and for 






measured change of mass for each bin is converted into change in its respective surface 
area of the reaction interface.   
For micron-sized particles, for which oxide layer is much smaller than the particle 
radius, the effect of radius on the flux was neglected, so that the flux could be removed 
from under the summation sign in Equation (7.1).  In that case, the mass uptake for each 
size bin is directly proportional to its reactive surface area, Ai.  
In this work addressing oxidation of nano-sized particles, the effect of particle 
radius on the flux cannot be neglected.  Consider the solution of diffusion equation for a 
spherical particle with a growing oxide shell, written assuming that pure Al and pure O2 



















where ?̇?𝐴𝑙  is mass flow of aluminum; jAl,r is respective flux at a radial location, r;  D is 
diffusion coefficient (generally defined by an Arrhenius kinetics), and  is density.  Outer 
and inner radii of the oxide shell are labeled as r1 and r2, respectively (see Figure 7. 1).  The 
flux, j, is taken for r=r1, which is the radius of the reaction interface.  Thus, for spherical 




















With oxide layer thickness, r2-r1, comparable to the radii r1 and r2, the flux becomes 
dependent on the particle size.  Thus, ji can no longer be removed from under the 
summation sign, as was done in Equation (7.1).  Note that index i marking an individual 
size bin was removed for clarity in Equation (7.3), although both flux values and radii are 
specific for a given particle size, or size bin i.  Thus, instead of distributing the mass uptake 
among different size bins proportionally to their respective surface areas, Ai, here, the mass 








 , equivalent to the 
surface area of a particle with the geometric mean radius, divided by the oxide layer 
thickness, which accounts for the effect of particle geometry on the mass flux.   
TG traces representing oxidation of particles of each given size bin are obtained for 
different heating rates and processed using a model-free isoconversion technique [97, 164] 
to obtain activation energy as a function of the reaction progress.  This processing 
explicitly accounts for the effect of particle size distribution on the TG measurements.  
Once the activation energies are obtained, the reaction model represented by Figure 7.1 is 
considered to identify the pre-exponent and thus to fully quantify the rate of oxidation.  The 
obtained reaction kinetics for aluminum nanopowders is finally compared to that reported 
earlier for coarser aluminum particles.   
7.4 Experimental Details 
Spherical aluminum nanopowders were prepared in argon using electro-exploded wires 
[148, 149].  The powder was held at a reduced oxygen pressure for 72 hours for 
passivation.  Particles were examined using a JEOL JEM-100 CXII TEM.  Partially 






Shimadzu using Cu K radiation) was used to determine the phases formed during 
oxidation.  DTA and TG measurements performed in air at a fixed heating rate of 10 K/min 
used a Netzsch STA 449F3; additional TG measurements in an argon/oxygen gas mixture 
at varied heating rates were performed using a TA Instruments TA Q5000-IR.  Surface area 
of the prepared powder was characterized using a BET-analyzer by Boreskov Institute of 
Catalysis, Siberian Branch, Russian Academy of Sciences.  The amount of active 
aluminum was determined by reacting the powder with an aqueous solution of sodium 
hydroxide and measuring the volume of the released hydrogen gas [101].    
7.5 Experimental Results 
TEM images of as prepared nanoparticles are shown in Figure 7.2.  The particles are 
mostly spherical, justifying use of the oxidation model shown in Figure 7.1.  Particle sizes 
range from about 20 to 400 nm; a detailed particle size distribution obtained by processing 
multiple TEM images is shown in Figure 7.3.  This distribution is used directly to process 








































Figure 7.3 Particle size distribution obtained from TEM images. 
 
Results of TG measurements are illustrated in Figure 7.4. An initial weight loss is 






measurements are consistent with earlier reports on oxidation of micron- and nano-sized 
aluminum powders [25, 26, 102].  A rapid acceleration of the oxidation rate is observed 
around 800 K, prior to aluminum melting, when amorphous oxide transforms into -Al2O3.  
A DTA trace omitted here for brevity, shows an exothermic peak corresponding to the 
accelerated mass increase, followed by a small endothermic peak showing melting.  At 
higher temperatures, reaction rate accelerates further, again in agreement with the earlier 
reports [25, 26, 102] assigning that acceleration to thermally activated growth of transition 
alumina polymorphs.  The TG traces shift to higher temperatures at greater heating rates, as 
is expected for a thermally activated reaction.   
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Figure 7.4 Mass gain for an oxidizing aluminum nanopowder heated at different heating 
rates in argon-oxygen gas mixture.  
 
XRD patterns for different powders are shown in Figure 7.5.  The as-prepared 
passivated powder contains various polymorphs of Al(OH)3, indicating hydration of the 






observed small weight loss. The quenched samples were collected from experiments 
performed in air at the 10 K/min heating rate.  Consistently with earlier results for coarser 
aluminum [25, 31], there are no well resolved peaks of alumina for the sample quenched at 
823 K.  Thus, only amorphous oxide is expected to be formed at lower temperatures.  
Again, consistently with earlier work, peaks of -Al2O3 and other transition alumina 
polymorphs are seen in the XRD pattern of the sample quenched at 923 K.  Note that 
-Al2O3 peaks are also observed, most likely indicating its formation during cooling of the 
partially oxidized powder.  Finally, at 1183 K, the only oxide polymorph remaining is 
-Al2O3. The XRD patterns generally confirm that oxidation of nano-sized aluminum 
particles results in the formation of the same sequence of alumina polymorphs as reported 
to form upon oxidation of coarser aluminum powders [25, 29, 31, 89, 90, 162].   
 
Figure 7.5 XRD patterns showing phases formed in partially oxidized aluminum 
powders recovered from different temperatures: 1: as prepared powder, 2: quenched at 823 
K; 3: quenched at 923 K; 4: quenched at 1183 K. For pattern 1: letters g, n, and d show 
different polymorphs of Al(OH)3.  For patterns 2 – 4: Greek letters show respective 








Figure 7.6 TEM images of partially oxidized aluminum particles quenched at different 
temperatures. Images A and B show particles quenched at 823 K; images C and D show 
particles quenched at 923 and 1183 K, respectively.   
 
TEM images of partially oxidized particles are shown in Figure 7.6.  As for XRD 
analyses, these particles were oxidized in air and heated at 10 K/min.  At 823 K, the 
particles largely retain their spherical shapes.  Some particles are observed to sinter 
forming inter-particle bridges.  For some particles, distribution of aluminum changes 
causing formation of cavities.  Several particles are observed to be attached to aluminum 
oxide caps; such caps most likely represent the oxide present in the starting metal wires 
used to prepare the nanopowder.  The structure of particles quenched at 923 K changes 






The presence of cavities is supported by mapping aluminum concentration using 
energy-dispersive x-ray spectroscopy (details omitted for brevity).  The formation of 
cavities is qualitatively consistent with the oxidation model adopted to process TG 
measurements and shown in Figure 7.1.  Although particles mostly retain their spherical 
shapes, most particles are now fused together.  Both oxide layer thickness and cavity size 
grow further for particles quenched at 1183 K. 
Splitting the measured TG traces among different particle size bins shown in 
particle size distributions in Figure 7.3, enables one to predict how the oxide thickness 
increases with temperature for particles of different sizes.  These predictions are illustrated 
in Figure 7.7.   Finest, 10-nm particles are predicted to be fully oxidized at temperatures 
close to 730 K.  The thickness of the grown oxide layer is close to one half of the initial 
particle diameter.  Larger particles are fully oxidized at increasingly higher temperatures.  
Note that the oxide layer is predicted to grow at the outer surface of the existing shell; thus 
the size of the particle continuously increases, while a cavity is growing inside.  In 
addition, the thermal expansion is taken into account for both metal core and the oxide 
shell.  Because of an increase in the particle diameter as a function of temperature, the 
thickness of the oxide layer for the fully oxidized particles from larger bin sizes become 
substantially smaller than the half of the initial particle diameter.   
A sudden reduction in the oxide thickness observed at 770 K represents 
re-adjustment of the calculated thickness as a result of polymorphic phase transition from 









































Figure 7.7 Thickness of the oxide layer grown on particles of different sizes as a 
function of temperature when the powder is heated at 10 K/min obtained as a result of 
splitting the measured TG trace among different powder size bins.  Particle bin size 
represents the initial particle diameter.  
 
Predicted oxide thickness as shown in Figure 7.7 was compared to that measured 
from the TEM images acquired for particles quenched at different temperatures.  
Diameters of quenched particles observed in TEM images were compared to the diameters 
expected to be produced at the respective temperatures for the partially oxidized particles 
belonging to different particle size bins.  The bin, for which the diameters matched was 
then selected for each image, so that the thicknesses of the calculated and observed in TEM 
oxide layers could be compared to each other directly.  Results of such comparisons are 
shown in Figure 7.8.  The match between the TEM and processed TG data is excellent, 
supporting the validity of the adopted oxidation model used to convert the measured mass 
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Figure 7.8 Thickness of the oxide layer for different partially oxidized particles 
measured from TEM images and respective thickness of the oxide layer calculated to form 
on particles of respective sizes using the oxidation model shown in Figure 7.1 and splitting 
the measured TG trace among different powder size bins.   
 
7.6 Oxidation Kinetics for Nano-Sized Aluminum Particles 
Thickness of the grown oxide layer was considered as a convenient indicator of the 
reaction progress.  Unlike mass increase, oxide thickness can be used to gauge the degree 
of oxidation for particles of different sizes.  Model-free isoconversion processing [97] was 
applied to TG curves assigned to individual particle size bins.  Initial oxide thickness was 
assumed to be 2.5 nm [62, 95].  The processing was performed separately for the portions 
of the curves describing growth of amorphous alumina, at temperatures below 770 K, and 
growth of transition alumina polymorphs, principally, -Al2O3, above that temperature.  
The temperature, at which this transition occurs was fixed for simplicity in calculations 






into individual traces for different size bins.  A more realistic model should account for 
both temperature and thickness of the grown oxide layer [25, 94, 165, 166] to describe this 
transition with a greater accuracy. 
Apparent activation energy as a function of the oxide thickness for growth of 
amorphous oxide, Eamorph, is shown in Figure 7.9 for several individual particle size bins.  
The results for different size bins are consistent among themselves and show a rapid 
increase in the activation energy followed by its stabilization at about 155 kJ/mol.   The 









   (7.4) 
 
where h is oxide thickness in nm.  The above expression is only valid for oxide thicknesses 
exceeding 2.5 nm, which is the thickness assumed to represent the initial natural oxide 
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Figure 7.9 Apparent activation energy characterizing growth of amorphous alumina 
obtained from model-free isoconversion processing of experimental data and considering 
different particle sizes. 
 
Once the activation energy, E, as a function of reaction progress is identified, an 
explicit oxidation model is used to determine the respective value of the pre-exponent.   
Considering oxidation of a spherical particle with an oxide shell, as given by Equation 
(7.2), and assuming that 𝜌𝐷 = 𝐶 ∙ 𝑒𝑥𝑝 (−
𝐸
𝑅𝑇
), the values of pre-exponent characterizing 
growth of amorphous alumina, Camorph, were obtained as shown in Figure 7.10.  The 
pre-exponent was separately obtained for different heating rates and for different particle 
size bins.  For clarity, shown in Figure 7.10 are only the pre-exponents obtained for two 
different size bins.  The results were very consistent among themselves showing a trend 
that closely reflects the changes in the activation energy.   As expected, the pre-exponent 









be described as a function of the oxide thickness using a curve-fitting expression analogous 









    (7.5) 
 
Similarly to Equation (7.4), Equation (7.5) can be used for the oxide thicknesses 
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Figure 7.10 Pre-exponent characterizing growth of amorphous alumina calculated 
considering different particle sizes and different heating rates.   
 
Results of isoconversion processing of the TG measurements temperatures above 






Apparent activation energy is calculated for thicknesses above ca. 5.4 nm while the 
calculated values in Figure 7.9, for amorphous oxide, end around 3.5 nm.   The gap 
between 3.5 and 5.4 nm is not described because the polymorphic phase transition was 
assumed to occur at a fixed temperature of 770 K.  At different heating rates, different 
thickness of the amorphous oxide is predicted to grow by 770 K, varied from about 3.5 to 
5.4 nm in present experiments.  Respectively, the isoconversion processing, which uses 
data for all heating rates simultaneously, is limited to the data range with the same range of 
variation of the oxide thickness, selected as the reaction progress indicator.   
The values of the apparent activation energies describing growth of -Al2O3 (Figure 
7.11) obtained from processing TG data corresponding to different particle size bins are 
consistent with one another.  The apparent activation energy increases from about 180 to 
approximately 230 kJ/mol as the oxide thickness grows up to ca. 12 nm.  The activation 
energy then decreases to approximately 150 kJ/mol when oxide thickness reaches ca. 20 
nm.  Strong variations in the activation energy are observed at thicknesses around 22 – 24 
nm, which occur in the vicinity of the aluminum melting point for the heating rates used in 
the TG measurements.  Following the melting point, the activation energy is observed to 







































Figure 7.11 Apparent activation energy characterizing growth of transition alumina 
polymorphs obtained from model-free isoconversion processing of experimental data and 
considering different particle sizes. 
 
Using the apparent activation energy as shown in Figure 7.11, and accounting for 
the specific oxidation model (Figure 7.1), the pre-exponent values characterizing growth of 
transition alumina can also be obtained, as shown in Figure 7.12.  The pre-exponent was 
only calculated for oxidation up to about 20 nm, e.g., before the aluminum melting 
occurring in TG experiments.  A rapid increase in the apparent activation energy following 
melting is probably associated with substantial changes in the morphology of the oxidizing 
sample as a result of particle agglomeration, e.g., loss in the surface area available for 
reaction.  This increase is unlikely to characterize heterogeneous oxidation reactions of 
interest in this study.   
For the pre-exponent, the results are somewhat different when different particle 






in the present analysis, the polymorphic phase transition from amorphous to -Al2O3 was 
assumed to occur at a fixed temperature for simplicity.  In reality, this transition is affected 
by both temperature and oxide thickness; it occurs at different temperatures for different 
oxide thicknesses, depending on the heating rate [94, 165, 166].  Neglecting the effect of 
oxide thickness would shift the starting point for the present analysis compared to the 
actual formation of -Al2O3.  The shift would be different for different particle size bins 
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Figure 7.12 Pre-exponent characterizing growth of transition alumina calculated 
considering different particle sizes and different heating rates.  
 
7.7 Discussion 
In this section, results obtained here for oxidation for nano-sized aluminum powders are 






the observed differences in the reaction kinetics for powders with different particle sizes 
are also discussed. 
Apparent activation energy characterizing oxidation of aluminum is shown in 
Figure 7.13 as a function of the oxide thickness, where results for amorphous and transition 
alumina polymorphs shown in Figures 7.9 and 7.11 are combined with the activation 
energy obtained for a coarser aluminum powder [163].  The inset in Figure 7.13 shows a 
close-up to the range of small oxide thicknesses.  Thin solid lines represent piecewise 
straight line fits proposed to describe the activation energy as a function of thickness in 
Reference [163].  It is remarkable that for both nano-sized and micron-sized powders, 
apparent activation energy describing growth of amorphous alumina is shown to increase 
substantially for very small thicknesses and at low temperatures.  The straight line 
segments proposed to describe the activation energy as a function of the oxide layer 
thickness for coarse aluminum for practical applications offer a reasonable approximation 
for the present data.  Using Equation (7.4) instead is advisable for greater accuracy of 
predicted oxidation rate; however, the difference between the values of activation energy is 
minor.    
A fairly sharp increase in the apparent activation energy observed for thin 
amorphous alumina layers may be attributed to healing imperfections and defects present 
in natural alumina and described in earlier research using high-resolution TEM images [62, 
95, 167].   
The trend for the apparent activation energy describing growth of -Al2O3 diverges 
slightly from the trend implied by the current data for growth of the amorphous oxide.  This 






[163], where the entire range of oxide thicknesses was processed, without subdividing it 
into portions related to amorphous and crystalline alumina polymorphs.    
Generally, there is good agreement between trends describing the apparent 
activation energy as a function of thickness of -Al2O3 for both nano- and micron-sized 
powders for the oxide thicknesses up to about 13 nm.  The apparent activation energies 
diverge somewhat between different types of powders for greater alumina thicknesses, 
most likely as a result of changes in the powder morphologies, primarily, sintering between 
oxidizing particles.   
The initial oxidation is expected to be better described using Equation (7.5) for the 
pre-exponent, while the piecewise straight line fits proposed in Reference [163] for coarser 









































Figure 7.13 Activation energy as a function of thickness of the grown oxide layer. Results 
for both amorphous and transition alumina from the present measurements are combined 
with the activation energy obtained for micron-sized aluminum powders [163].  Thin solid 
lines show straight line fits proposed for the activation energy in Reference [163].  A 








Comparisons of pre-exponent values for different powders are illustrated in Figure 
7.14.  The inset shows a close-up to the range of small oxide thicknesses.  As in Figure 
7.13, thin solid lines represent piecewise straight line fits proposed to describe the 






























































Figure 7.14 Pre-exponent as a function of thickness of the grown oxide layer. Results for 
both amorphous and transition aluminas from the present measurements are combined with 
the pre-exponent obtained for micron-sized aluminum powders [163].  Thin solid lines 
show straight line fits proposed for the pre-exponent in Reference [163].  A dashed line in 
the inset is calculated using Equation (7.5). 
 
There are small but appreciable differences between the straight line fragments 
proposed to describe the pre-exponent as a function of the oxide thickness for coarse 
aluminum and the trends describing the pre-exponent for both amorphous and -Al2O3 
based on the present measurements.  The initial oxidation is expected to be better described 
using Equation (7.5) for the pre-exponent, using the present measurements, where the 






to quantify precisely because of an approximation used here to determine the instant of the 
polymorphic phase change leading to its formation.   
Initial reactions starting from thin, natural oxide film are particularly important for 
descriptions of both ignition and aging of aluminum and related reactive materials.  
Therefore, oxidation kinetics identified in Reference [163] and validated here, with slightly 
amended expressions for activation energy and pre-exponent (Equation (7.4), (7.5)) should 
be used in the respective reaction models.   
Aluminum ignition is most likely occurring soon after the polymorphic phase 
change transforming the natural amorphous alumina into a higher density -Al2O3 phase.  
The diffusion resistance of the oxide layer diminishes, reaction rate accelerates, causing 
ignition [25, 31, 90].  Predicting when the polymorphic transition between amorphous and 
-Al2O3 occur can thus be used to predict the ignition delay for an aluminum particle.  
Because the phase change depends on both temperature and the oxide thickness, 
calculating an increasing oxide thickness during the initial pre-ignition particle heating is 
important.  Equations (7.4) and (7.5) obtained here as fits to the experimentally inferred 
apparent activation energy and respective pre-exponent can be used to perform such 
calculations for any aluminum particle heating scenarios.  For example, to account for 
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where F, K, and E are parameters describing a specific oxide polymorph.  It is important 
that the rate of growth is affected by both temperature, as in usual thermally activated 
oxidation, and by the oxide thickness.  Thus, to accurately predict when the rate of growth 
of -Al2O3 becomes significant (i.e., greater than the growth of amorphous alumina), one 
needs to simultaneously track both temperature and thickness of the oxide layer.  Equations 
(7.4) and (7.5) enable one to track the thickness of the growing amorphous alumina, and 
thus enable one to predict when -Al2O3 will start to grow, or when the particle is expected 
to ignite.  A main shortcoming of the present approach is an approximate nature of 
Equation (7.6), although it properly accounts for the effects of both temperature and oxide 
thickness on structure of the growing aluminum oxide.   
For aging analysis, the effect of polymorphic phase change on the thickness of 
growing aluminum oxide layer can be neglected; thus the straight line fits proposed in 
Reference [163] are useful, which also describe the present results reasonably well.  
Conversely, fitting lines connecting trends for activation energies and pre-exponents for 
both amorphous and -Al2O3 using the present data can be obtained and used to predict the 
rate of aluminum oxidation in slow aging processes.   
7.8 Conclusion 
Thickness of the oxide layer growing on nano-sized aluminum powders exposed to 
elevated temperatures in oxygen-containing environments was obtained from both TEM 
images and processing of respective TG traces.  The TG data processing accounted for the 
specific particle size distribution.  The measured weight gain was split among different size 






consideration that the reaction occurs at the outer interface of the growing oxide layer.  The 
oxide layers observed in TEM images correlated well with those implied at different 
temperatures by the TG measurements.   
Oxidation kinetics was characterized using isoconversion processing of the TG 
data.  Separate trends for kinetic activation energies and pre-exponents as a function of the 
oxide thickness were obtained to describe growth of amorphous and -Al2O3 polymorphs.  
The present results are in good agreement with the earlier studies characterizing kinetics of 
oxidation of coarser aluminum powders.  The present results confirm that the mechanism 
of aluminum oxidation does not change as a function of particle size down to tens of nm.   
An increase in the apparent activation energy describing growth of amorphous 
alumina implied by earlier work is confirmed here.  The higher activation energy is likely 
associated with an increasing homogeneity in the growing amorphous oxide layer, initially 
containing multiple defects and imperfections.  The trends obtained here and describing 
changes in both activation energy and pre-exponent of the growing amorphous oxide are 
useful for prediction of ignition delays of aluminum particles.  The ignition is expected to 
occur when -Al2O3 forms disrupting continuity of the oxide layer covering aluminum 
surface.  Formation of -Al2O3 is affected by both temperature and thickness of the oxide 
layer.  The thickness of the oxide grown during pre-ignition processes can be predicted 
using the kinetics of growth of amorphous alumina obtained here.  The kinetic trends 
describing activation energies and pre-exponents in a broader range of the oxide 






CHAPTER 8  
CONCLUSION AND FUTURE WORK 
8.1 Conclusion 
 
Reaction of aluminum with liquid water characterized by microcalorimetry includes 
several parts: induction time, two stages of relatively rapid reaction, and termination.  The 
only reaction product formed at 303 and 313 K is bayerite.  The significance of the first of 
the two rapid reaction stages increased in experiments at 313 K.  Generally, finer powders 
were observed to react faster and to a greater completion. Effects of powder load and mass 
of water are found to be negligible.  Reaction characteristics were poorly reproducible 
despite well maintained reaction temperatures.  It is hypothesized that minor differences in 
powder packing and trapped gases could substantially affect reaction rates for the 
processes occurring directly on the particle surfaces, as expected for the alumina hydration 
occurring during the induction period.  Processing the present experimental data using a 
simplified kinetic model available in the literature showed that the calculated diffusion 
coefficient for the rate-limiting process is affected by the reaction temperature, particle 
sizes, and reaction time.  While the first effect is expected, the observed effects of particle 
size and reaction time likely indicate that the model is inadequate for describing the present 
experiments.  Porosity of the growing bayerite, defining the rate of diffusion and thus the 
reaction rate, changes as a function of the reaction completeness.  It is also affected by 
experimental conditions, including reaction temperature and powder particle size 






Location of the reaction interface for aluminum with water is identified for both 
liquid water and steam. For liquid water, processing flow calorimetry data for two 
spherical aluminum powders with different but overlapping particle size distributions 
suggests that the reaction occurs at the surface of the shrinking aluminum core, inside the 
growing aluminum hydroxide layer. For reaction of aluminum with steam at elevated 
temperatures, the results are less conclusive, but indicate that the reaction is most likely 
occurring at the outer surface of the growing alumina shell. The results also indicate that 
the growing alumina shell is rigid and fractures multiple times during growth. After a shell 
is fractured, a new shell begins to grow around the oxidizing aluminum core. The current 
results are best explained when it is assumed that the alumina shells fracture when they 
become thicker than 0.5 µm; however, the detailed fracturing mechanism will depends on 
particle size and temperature. 
Thermo-gravimetric measurements with large amounts of fine aluminum powders 
are useful in obtaining detailed information on their oxidation kinetics at low temperatures.  
However, restricted access of oxidizer to the powder for increased powder load can also 
cause misleading TG measurements, during which different portions of the sample react 
with different rates.  Constant heating rate measurements were most useful in establishing 
reaction kinetics for aluminum powders at low temperatures and reduced oxide thickness.  
The activation energy as a function of reaction progress was obtained using a model-free 
isoconversion processing of experimental data.  Once the activation energy was obtained, 
an explicit oxidation model assuming reaction occurring at the outside of a rigid spherical 
layer was considered to determine the pre-exponent as a function of the reaction progress. 






reaction progress expressed, for convenience, through the oxide layer thickness.  The 
oxidation model was compared with the present and previously reported data on oxidation 
of fine aluminum powders; the match between experiments and calculations is satisfactory.  
For nano-powders, agglomeration is accounted for, and the results illustrate that this is 
essential for accurate calculation of oxidation rate.  The oxidation model was combined 
with description of heat transfer for an aluminum particle exposed to a heated oxidizing 
environment.  Thus, a model describing particle ignition was obtained and compared to 
earlier predictions and recent experiments.  The model predicts a sharp rise in the ignition 
temperature from 850 to 2260 K for particles with sizes increasing respectively from 0.3 to 
1.2 µm.  The specific results are affected by the assumed initial oxide thickness (2.5 nm) 
and thermal accommodation coefficient (taken as 1).  The experiments show an increase in 
the ignition temperature; however, this increase may be more gradual than predicted in the 
model.  The discrepancy between predictions and measurements is most likely due to a 
relatively broad particle size distribution for the powders used in experiments and a 
difficulty to identify which size sub-range of the heated particles ignites at the threshold 
temperature.   
Reactions of heterogeneous magnesium oxidation occurring in a broad range of 
temperatures in both dry and wet environments producing either MgO or Mg(OH)2 take 
place at the interface between magnesium metal and the growing oxidized product layer.  
This suggests that the reactions are rate limited by diffusion of oxidizer through the 
growing magnesium oxide or magnesium hydroxide layers. All oxidation reactions for 
magnesium powders can be described reasonably well using a model assuming that the 






the product.   Activation energy of magnesium oxidation in humid environments at low 
temperatures is close to 60 kJ/mol.  The pre-exponent varies in a range of 10-3-10-2g/m/s, 
depending on a specific environment and humidity.  The identified low-temperature 
reaction kinetics enables one to describe aging of Mg powders stored at different 
temperatures and humidities.   
Reaction kinetics at elevated temperatures, which is relevant for modeling ignition 
of magnesium and its alloys, is also quantified.  Activation energy for oxidation of 
magnesium in oxygen is 148 kJ/mol.  To adequately describe the observed reaction, the 
pre-exponent should increase as a function of the growing oxide layer, reaching ca. 350 
g/m/s for 1-µm thick oxide.  For oxidation of magnesium in steam at elevated 
temperatures, the activation energy increases linearly from approximately 130 to 360 
kJ/mol, while the forming oxide layer thickens up to 2.4 µm.  The pre-exponent, C, 
increases simultaneously with the activation energy; ln(C) in g/m/s reaches 16.2 when the 
oxide thickness reaches 2.4 µm. 
The oxidation of both commercial spherical Al-Mg alloys and mechanically 
alloyed Al-Mg powder in oxygen was investigated using thermo-gravimetry. Two 
oxidation stages were observed for both powders. First, selective oxidation of magnesium 
resulting in formation of an MgO shell is observed.  The second step reaction generates 
spinel, MgAl2O4.  Both reactions occur at the interface between the metal alloy core and 
the oxide shell and thus are rate-limited by inward diffusion of oxygen ions.  Voids are 
formed in the oxidized particles due to the re-distribution of material within the metal core.  
The switch over between reaction steps occurs when the oxide shell grows above a certain 






of Mg falls rapidly from 250 to 130 kJ/mol when the oxide thickness increases to ca. 0.24 
µm.  The activation energy continues to diminish down to approximately 65 kJ/mol as the 
oxide continues to thicken to 1.2 µm.  For the second oxidation step, the activation energy 
remains nearly constant around 180 kJ/mol while the oxide shell grows up to 
approximately 3 µm.  At greater oxide thicknesses, a slow decrease in the apparent 
activation energy is observed.   
Thickness of the oxide layer growing on nano-sized aluminum powders exposed to 
elevated temperatures in oxygen-containing environments was obtained from both TEM 
images and processing of respective TG traces.  The TG data processing accounted for the 
specific particle size distribution.  The measured weight gain was split among different size 
bins of the powder, accounting for particle sizes and spherical shapes, and taking into 
consideration that the reaction occurs at the outer interface of the growing oxide layer.  The 
oxide layers observed in TEM images correlated well with those implied at different 
temperatures by the TG measurements.   
Oxidation kinetics was characterized using isoconversion processing of the TG 
data.  Separate trends for kinetic activation energies and pre-exponents as a function of the 
oxide thickness were obtained to describe growth of amorphous and -Al2O3 polymorphs.  
The present results are in good agreement with the earlier studies characterizing kinetics of 
oxidation of coarser aluminum powders.  The present results confirm that the mechanism 
of aluminum oxidation does not change as a function of particle size down to tens of nm.   
An increase in the apparent activation energy describing growth of amorphous 
alumina implied by earlier work is confirmed here.  The higher activation energy is likely 






containing multiple defects and imperfections.  The trends obtained here and describing 
changes in both activation energy and pre-exponent of the growing amorphous oxide are 
useful for prediction of ignition delays of aluminum particles.  The ignition is expected to 
occur when -Al2O3 forms disrupting continuity of the oxide layer covering aluminum 
surface.  Formation of -Al2O3 is affected by both temperature and thickness of the oxide 
layer.  The thickness of the oxide grown during pre-ignition processes can be predicted 
using the kinetics of growth of amorphous alumina obtained here.  The kinetic trends 
describing activation energies and pre-exponents in a broader range of the oxide 
thicknesses are useful for prediction of aging behavior of aluminum powders.   
8.2 Future Work 
Reactions of aluminum and magnesium in oxygen, steam and liquid water are 
quantitatively described using thermal-analytical technique. Respective oxidation model is 
developed accounting for particle size distributions and reaction interfaces identified 
differently for various oxidizing environments. The ignition model was modified using an 
updated reaction kinetics describing the growth of amorphous alumina layers of aluminum 
particles in micro-size scale.  In the future work, ignition model for magnesium powder can 
be developed applying the reaction kinetics of magnesium in oxygen obtained at high 
temperatures. For aluminum-magnesium alloys powder, different oxidizers are also of 
interest to be investigated; for example reaction mechanisms and kinetics of such alloys 
with steam and liquid water can be developed.  Most importantly, the approach developed 
in the present dissertation, enables one to interpret thermo-analytical measurements for 






heterogeneous reaction and then describing its kinetics while accounting explicitly for the 
effect of particle size distributions.  Ignition and aging of many metal powders, such as Ti, 
Zr, Ni, and others, oxidizing heterogeneously can be readily characterized.  Furthermore, 
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